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FOREWORD 
This  document  has a f o r m a t   t h a t  may b e  new t o  some r e a d e r s .  The t e c h n i -  
ca l  c o n t e n t  i s  d i v i d e d  i n t o  t h r e e  p a r t s :  -"Too.ls f o r  Economic Ana lys i s , "  
"S t ruc tu res   and  Materials S tud ie s , "   and  "System S tud ie s . "  Each p a r t  is 
t h e n  s u b d i v i d e d  i n t o  s e c t i o n  h e a d i n g s  a c c o r d i n g  t o  i n d i v i d u a l  s t u d y  t a s k s .  
S u b j e c t s  are t h e n  d i v i d e d  i n t o  t o p i c s ;  e a c h  t o p i c  p r e s e n t s  a p a r t i c u l a r  
idea ,  which  is s t a t e d  c p n c i s e l y  i n  a p r o p o s i t i o n  s t a t e m e n t  set  o f f  f rom 
t h e   t e x t   t h a t   s u p p o r t s  i t .  Thus,  the   format   p roduces  a more r e a d a b l e  
document ,   provides   easy access t o  i n f o r m a t i o n ,  and   permi ts   major   s tudy  
r e s u l t s  t o  be   summar ized   wi thout   loss  of impor t an t   da t a .   Reade r s  who 
may b e  u n f a m i l i a r  w i t h  t h e  c o n c e p t s  of economics i n  e n g i n e e r i n g  are en- 
c o u r a g e d  t o  s c a n  a l l  t h e  p r o p o s i t i o n  s t a t e m e n t s  ( s e t  i n  s c r i p t )  b e f o r e  
r e a d i n g  t h e  document i n  d e t a i l .  
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1.0 INTRODUCTION  AND  SUMMARY 
1.1 ACCOMPLISHMENT OF CONTRACT GOALS 
A t  i ts  i n c e p t i o n ,  t h r e e  m a j o r  g o a l s  were e s t a b l i s h e d  f o r  t h i s  c o n t r a c t  
e f f o r t .  F i r s t ,  d e f i n e   p r o m i s i n g   d i r e c t i o n s   f o r   s t r u c t u r a l   r e s e a r c h   b y  
app ly ing  the  concep t  of  minimum c o s t  r a t h e r  t h a n  maximum pe r fo rmance  to  
s t r u c t u r a l   d e s i g n .   S e c o n d ,   u n d e r s t a n d   t h e   r e l a t i o n s h i p   o f   s t r u c t u r e   t o  
t h e   e c o n o m i c s   o f   t h e   t o t a l   s y s t e m .   T h i r d ,   i d e n t i f y   a n d   a p p l y   t h e   i n t e r -  
a c t i o n s  o f  t h e  v a r i o u s  a s p e c t s  o f  p r o g r a m  c o s t s  t o  p o i n t  o u t  t h e  p o t e n -  
t i a l  cos t  s av ings  they  imply .  
The m a t e r i a l  p r e s e n t e d  i n  t h i s  r e p o r t  shows t h a t  t h e s e  g o a l s  h a v e  b e e n  
s a t i s f i e d .  A number  of s t r u c t u r a l  r e s e a r c h  areas h a v e  b e e n  i d e n t i f i e d .  
These are deve loped  ind iv idua l ly  th roughou t  t h i s  documen t  and  are col -  
l e c t e d  i n  t h i s  s e c t i o n  f o r  v i s i b i l i t y .  
An u n d e r s t a n d i n g  o f  t h e  s y s t e m  r o l e  p l a y e d  b y  s t r u c t u r e  h a s  b e e n  d e v e l o p e d  
i n  f i v e  s y s t e m  s t u d i e s  t h a t  show, i n  g e n e r a l ,  t h a t  s t r u c t u r e ,  when consid-  
e r e d  as a subsystem, is u n i q u e  i n  i ts  f a r - r e a c h i n g  e f f e c t  on the  sys tem.  
M o r e o v e r ,  d e t a i l e d  c o n s i d e r a t i o n  of o t h e r  s u b s y s t e m s  r e v e a l s  a l a r g e  
s t r u c t u r a l  i n f l u e n c e .  
F i n a l l y ,  s t r o n g  i n t e r a c t i o n s  of s t r u c t u r a l  d e s i g n  d e c i s i o n s  w i t h  a e r o s p a c e  
sys t em cos t s  have  been  demons t r a t ed ,  pa r t i cu la r ly  by t h e  s t u d y  d e s c r i b e d  
i n  S e c t i o n  4 . 5 ,  a n d  s i g n i f i c a n t  p o t e n t i a l  c o s t  s a v i n g s  h a v e  b e e n  i d e n t i -  
f i e d .  
1 .2  SCOPE OF EFFORT 
S t u d i e s  w i t h  l i m i t e d  s c o p e  c a n  p r o d u c e  o n l y  l i m i t e d  b e n e f i t s ,  r e g a r d l e s s  
of  how w e l l  o r  t o  what   depth  they are conducted. This is t r u e  i n  conven- 
t i o n a l  t r a d e  s t u d i e s  w h e r e  a s p e c i f i c  s u b s y s t e m  may be  op t imized ,  bu t  i ts  
impact on t h e  s y s t e m  may d i c t a t e  no gain o r  even a net  per formance  loss. 
It i a  p a r t i c u l a r l y  true of c o s t  effectiveness s tud ies  because program 
c o s t  i n t e r a c t i o n s  are so  s t r o n g .  
S i n c e  t h i s  s t u d y  r e p r e s e n t e d  a r e l a t i v e l y  small a t t a c k  on a v e r y  l a r g e  
s u b j e c t ,  d e t a i l e d  t e c h n i c a l  t r a d e s  w e r e  s p e c i f i c a l l y  a v o i d e d ,  a n d  e f f o r t  
was c o n c e n t r a t e d  on cons ide r ing  s y s t e m  c o s t  a s p e c t s  t o  e n s u r e  i d e n t i f i c a -  
t i o n   o f   m a j o r   c o s t   c o n t r i b u t i o n s .  The resul ts ,  i n  terms of   the   in forma-  
t i o n  p r e s e n t e d  i n  S e c t i o n  4 . 0 ,  show t h a t  t h i s  a p p r o a c h  was j u s t i f i e d .  
1.3 OUTLINE OF DATA 
The d i s c i p l i n e  of  eng inee r ing  demands a n  o r d e r l y  a p p r o a c h  t o  a c h i e v e  
q u a n t i t a t i v e   a n s w e r s   t o   d e s i g n   q u e s t i o n s .   T h i s   a p p r o a c h   r e q u i r e s   t h e  
e s t ab l i shmen t  o f  va l id  basepo in t  da t a ,  t he  deve lopmen t  of a n a l y t i c a l  
t o o l s ,  t h e  d e m o n s t r a t i o n  o f  t h e  w o r k a b i l i t y  o f  t h e s e  t o o l s ,  a n d  f i n a l l y ,  
t h e   a p p l i c a t i o n   o f   t h e s e   t o o l s   t o   s o l v e   s p e c i f i c   p r o b l e m s .   B e c a u s e   m i n i -  
mum c o s t  d e s i g n  i n  e n g i n e e r i n g  i s  a r e l a t i v e l y  i m m a t u r e  d i s c i p l i n e ,  a l l  
of  the  above  s teps  had  to  be  cons idered  and  f resh  developments  made i n  
each area. 
Development  of  tools  for  economic analysis  was n e c e s s a r y  t o  r e s o l v e  raw 
c o s t  d a t a  i n t o  s y s t e m a t i c  f o r m s  a n d  t o  d e r i v e  t h e  i m p o r t a n t  c h a r a c t e r i s -  
t ics from th i s   da t a .   Ana ly t i ca l   me thods   o f   hand l ing   and   app ly ing   cos t  
d a t a  were r e q u i r e d  t o  p e r m i t  r a p i d  s o l u t i o n  of  design problems.  
S p e c i f i c  s t r u c t u r e  a n d  material areas were exe rc i sed  us ing  economic  too l s  
t o  d e v e l o p  f a m i l i a r i t y  w i t h  t h e  m e t h o d s  a n d  t o  p r o v i d e  a check  on  work- 
a b i l i t y .   T h e s e  areas se rved  as tes t  cases t o  show t h a t   a d e q u a t e   c o s t   d a t a  
c a n  b e  f o u n d  a n d  t h a t  v a l i d  r e s u l t s  c a n  b e  r e a l i z e d  b y  a p p l y i n g  minimum 
cos t  t echn iques  to  advance  ae rospace  des ign  areas. 
S i n c e ,  as has  been  shown ,  con t r ac t  goa l s  cou ld  be  sa t i s f i ed  on ly  by  s tudy-  
ing   sys t ems ,  a number o f   s u c h   s t u d i e s  were conduc ted .   These   s tud ie s  cov- 
e r e d  as many c r i t i ca l  areas of t h e  f u t u r e  s p a c e  p r o g r a m  as could  be  encom- 
p a s s e d  w i t h i n  t h e  s c o p e  o f  t h e  c o n t r a c t .  
1-2 
1.4 LIMITATIONS OF  IN ORMATION 
Spec i f i c  s tud ie s  d i scussed  in  subsequen t  s ec t ions ,  wh ich  depend  upon  abso -  
l u t e  cost d a t a ,  c a n  p r o d u c e  r e s u l t s  t h a t  are only  as good as t h e  c o s t  
assumptions  on  which  they are founded .   A l though   t he   cos t   da t a   t ha t   has  
been used is t h e  b e s t  a v a i l a b l e  i n  o p e n  l i t e r a t u r e  a n d  h a s  b e e n  c a r e f u l l y  
s c r e e n e d ,  t h e  n a t u r e  o f  c o s t  i n f o r m a t i o n  is s u c h  t h a t  i t  relies h e a v i l y  
o n  a c c o u n t i n g  s y s t e m s  a n d  c a n  b e  s l a n t e d  t o  a c h i e v e  s p e c i f i c  e n d s .  More- 
o v e r ,  raw c o s t  d a t a  p o s s e s s e s  a h igh  level o f  scat ter  t h a t  c a n  b e  r e s o l v e d  
s t a t i s t i c a l l y  o n l y  w i t h  a l a r g e  s a m p l e ,  b u t  i n  many cases a l a rge  sample  
o f  d a t a  i s  u n a v a i l a b l e .  
I n  c o n t r a s t ,  t h e  t o o l s  f o r  e c o n o m i c  a n a l y s i s  a n d  t h e  a p p r o a c h e s  t a k e n  i n  
mak ing  cos t  s tud ie s  are no t  sub jec t  t o  a s sumpt ions  beyond  the  no rma l  ones  
o f  n e g l e c t i n g  s e c o n d - o r d e r  e f f e c t s  a n d  h a v e  w i d e  v a l i d i t y .  
1 . 5  SUMMARY OF RESEARCH IMPLICATIONS 
Appl ica t ion  of  economics  to  aerospace  des ign  problems has  y ie lded  a number 
o f  s y s t e m  c o n c l u s i o n s  a n d  i m p l i c a t i o n s  f o r  s t r u c t u r a l  r e s e a r c h  t h a t  are 
c h a r a c t e r i z e d  b y  b e i n g  d i f f e r e n t  f r o m  t h o s e  r e a c h e d  w i t h  maximum perform- 
ance   des igns .   These  are developed  throughout  he  document  and are s u m a -  
r i z e d  h e r e .  
G e n e r a l  i m p l i c a t i o n s  are: 
Cos t  cons ide ra t ions  shou ld  be  employed  ea r ly  i n  a p rogram whi l e  t he re  
is s t i l l  time t o  e f f e c t  m a j o r  p r o g r a m  d e c i s i o n s .  
A concer ted  program of  cos t  da ta  co l lec t ion ,  economic  methods  deve l -  
opmen t ,  and  indus t ry  educa t ion  in  the  use  o f  cos t  as a d e s i g n  crite- 
r i o n  is r e q u i r e d .  
The  achievement of economics in  ae rospace  p rograms  depends  heav i ly  
on e s t a b l i s h i n g  t h e  p r o p e r  b a l a n c e  b e t w e e n  c o s t s  a n d  w e i g h t s  f o r  
d e s i g n  c a n d i d a t e s  a t  the  pa r t ,  subsys t em,  and  sys t em level. 
There  should  be  a de -emphas i s  o f  soph i s t i ca t ion  in  low-Ear th -o rb i t  
pay loads ;  emphas i s  shou ld  be  p l aced  on  the  use  o f  l a rge r  l aunch  ve- 
h i c l e s .  
F o r  h i g h - e n e r g y  m i s s i o n s  ( i n t e g r a t e d  v e l o c i t y  c h a n g e  g r e a t e r  t h a n  
30,000 f t / s e c )  , p a y l o a d  d e s i g n  s o p h i s t i c a t i o n  is e c o n o m i c a l l y  j u s t i -  
f i e d ,  p a r t i c u l a r l y  i n  s t r u c t u r a l  components. 
There  shou ld  be  r e sea rch  toward  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  r o l e  
o f  s t r u c t u r e  i n  t o t a l  s y s t e m  a n d  i n  " n o n s t r u c t u r a l "  s u b s y s t e m s .  
Commonality ( a  s i n g l e  m u l t i m i s s i o n  d e s i g n )  is a powerful  economic 
r e q u i s i t e  f o r  a d v a n c e d  s p a c e  p r o g r a m s .  
Space   mi s s ion   env i ronmen t s   mus t   be   be t t e r   de f ined .   Po ten t i a l   p ro -  
g r a m  s a v i n g s  j u s t i f y  e x t e n s i v e  e x p e n d i t u r e  i n  t h i s  area. 
Space  program tes t ing  phi losophy should  be  def ined  on  a c o s t  e f f e c -  
t i v e  b a s i s ,  m e a s u r e d  a g a i n s t  m i s s i o n  r i s k .  
C o n t r a c t  s t u d i e s  i n d i c a t e :  
S p e c i f i c  
T h e r m a l  p r o t e c t i o n  s y s t e m  s e l e c t i o n  d e p e n d s  o n  v e h i c l e  a n d  m i s -  
s i o n   c o n f i g u r a t i o n .  A l l  concep t s   shou ld   be   r e sea rched ,   bu t  
emphasis  should be placed on systems for  low t o  medium L/D ve- 
h i c l e s  ; 
The m o s t  e a s i l y  f a b r i c a t e d  materials are c o s t  e f f e c t i v e  a t  
t r anspor t a t ion  marg ins  be low $100 / lb ,  and  l eas t -we igh t  materials 
are c o s t  e f f e c t i v e  a t  m a r g i n s  a b o v e  $ 1 0 0 0 / l b  ; 
The  marked  supe r io r i ty  o f  a s o f t - s h e l l  o v e r  a h a r d  o u t e r  s h e l l  
c o n c e p t  f o r  s m a l l - q u a n t i t y  LH2 c o n t a i n m e n t  i n  s p a c e ;  
The c o s t  e f f e c t i v e n e s s  o f  r e l a t i v e l y  l o w - s t r e n g t h  l o w - c o s t  
s t e e l s ,  such as HY-150, i n  h i g h - p r e s s u r e  t a n k a g e  f o r  l o w e r  
s t a g e s  o f  l a u n c h  v e h i c l e s .  
i m p l i c a t i o n s  are : 
A new,  two-stage Earth launch vehicle  would be economical ly  just i f ied 
to  cove r  the  pay load  r ange  be tween  T i t an  I11 and Sa turn  V f o r  a v i a -  
b le   space   p rogram.  L O X / R P - l  new s t a g e s ,   a n d   e x i s t i n g   s t a g e s ,   s h o u l d  
b e  i n v e s t i g a t e d  f o r  t h i s  new v e h i c l e .  
Manned space  exp lo ra t ion  r equ i r e s  con t inued  deve lopmen t  and  up ra t ing  
o f  t h e  S a t u r n  V a n d  i n t e n s i f i e d  s t u d y  of an economical Nova-class 
l a u n c h  v e h i c l e .  
Most  manned E a r t h  e n t r y  v e h i c l e  r e q u i r e m e n t s  are b e s t  s a t i s f i e d  by a 
c o n f i g u r a t i o n  h a v i n g  l o w  t o  medium h y p e r s o n i c  L/D  (L/D less than  1 .5 ) .  
Resea rch  fo r  such  a v e h i c l e  s h o u l d  stress des ign  f o r  m u l t i p l e  m i s s i o n  
u s e  a n d  r e u s a b i l i t y .  
Common hardware elements---space mission module,  space propuls ion 
modu le ,  Ea r th  r e tu rn  veh ic l e ,  and  a l a rge r - than -Sa tu rn  V E a r t h  
launch  vehic le - - -a re  a l l  e c o n o m i c a l l y  i n d i c a t e d  f o r  manned space ex- 
p l o r a t i o n .   O t h e r   m i s s i o n   f u n c t i o n s   s h o u l d   b e   f u r t h e r   s t u d i e d   t o  
f i n d  t h e i r  e c o n o m i c  s o l u t i o n s .  
M o d u l a r i z i n g  p l a n e t a r y  p r o p u l s i o n  s t a g e s  s o  t h a t  IMIEO i s  minimized 
does  not  minimize  program cos t .  
2.0 TOOLS FOR ECONOMIC ANALYSIS 
Need f o r  Economic Too l s  
Although a body  o f  cos t  da t a  exis ts ,  t h e r e  is a gene ra l  l ack  o f  unde r -  
s t a n d i n g  o f  why elements  dost  what  they do and what  e lements  ac t  t o  make 
up t o t a l  p rog ram  cos t s .   Cos t s   have   been   e s t ima ted ,  a t  least as p a r t   o f  
c o n t r a c t  n e g o t i a t i o n s ,  f o r  e v e r y  p a s t  h a r d w a r e  p r o g r a m ,  b u t  t h e  e s t i m a t i n g  
p rocedures  have  been  long ,  de t a i l ed ,  ad hoe exerc ises  occupying  many 
manhours. T h i s  p r i c i n g   a p p r o a c h   p a r a l l e l s   t h a t   o f  a de t a i l ed   we igh t   and  
p e r f o r m a n c e  a n a l y t i c a l  s t u d y  c o n d u c t e d  f o r  a hardware i tem---a dress 
r e h e a r s a l - - - p r i o r  t o  t h e  a c t u a l  h a r d w a r e  p r o g r a m .  
S y s t e m  s t u d i e s  t h a t  are i n t e n d e d  t o  e x a m i n e  m a j o r  a s p e c t s  o f  a e r o s p a c e  
p rograms  . : amot  a f fo rd  the  time and e f f o r t  o f  ad hoe c o s t  e s t i m a t i o n ,  
w h i c h ,   t o   b e   a c c u r a t e ,   m u s t   b e   c a r r i e d   t o  a f i n e  l e v e l  o f  d e t a i l .  To 
s p e e d  t h e  p r o c e s s  o f  c o s t  e s t i m a t i o n  w i t h o u t  loss o f  a c c u r a c y ,  s y s t e m a t i c  
methods of c o s t  p r e d i c t i o n  are t h e r e f o r e  r e q u i r e d  t h a t ,  by be ing  based  
on " top   l eve l "   cos t s ,   au tomat i ca l ly   encompass   p rog ram  de t a i l s .   Aga in ,  
t h e r e  i s  a pa ra l l e l  be tween  these  me thods  and  we igh t  p red ic t ion  t ech -  
n i q u e s  t h a t  h a v e  b e e n  d e v e l o p e d  i n  r e s p o n s e  t o  similar needs.  
The t o o l s  t o  b e  d e v e l o p e d ,  s o  t h a t  r e g u l a r i z e d  s y s t e m s  s t u d i e s  may b e  
conducted ,  mus t  inc lude  methods  of  bas ic  cos t  p red ic t ions ,  methods  of 
s c r e e n i n g  c o n c e p t s ,  m e t h o d s  f o r  c o n s i d e r i n g  t h e  e f f e c t  o f  w e i g h t  o n  c o s t ,  
and  methods  for  combining  opera t iona l  cos ts  such  as recovery  and  main te-  
nance.  
Necess i ty   fo r   Deve lop ing  "Economics  Engineers' ' 
C o ~ t  technatogy -i6 a n w  d i e t d  and one i n  w h i c h  engineea mu$ became 
.t)LCLined 
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The u s e  o f  t r e n d  d a t a  t o  make t r a d e s  a t  e a r l y  p r o g r a m  l e v e l s  i n t r o d u c e s  
t h e  p o s s i b i l i t y  o f  r e a c h i n g  e r r o n e o u s  c o n c l u s i o n s  b y  p o o r  c h o i c e  o f  g r o u n d  
r u l e s .  All p r o g r a m   a s p e c t s   c a n n o t   b e   f u l l y   c o n s i d e r e d   i n  a t y p i c a l  s t u d y ;  
t h e r e f o r e ,   c h o o s i n g   i m p o r t a n t   a s p e c t s   ( t h a t  i s ,  t h o s e  t h a t  i n f l u e n c e  t h e  
answer) i s  a matter of  sound  judgment.  This  judgment  can  be  developed 
only  by t h e   e x p e r i e n c e   a n d   d i s c i p l i n e   o f  a f u n c t i o n a l   o r g a n i z a t i o n .  The 
p rev ious ly  no ted  para l le l  o f  c o s t  w i t h  t h e  w e i g h t s  d i s c i p l i n e  is  aga in  
a p p a r e n t  i n  t h a t  w e i g h t  p r e d i c t i o n  t e c h n i q u e s ,  w i t h  t h e  same uses and m i s -  
uses ,   have   p rogressed   th rough  the  same e v o l u t i o n .   T h e i r   s u c c e s s  shows 
t h a t  c o s t  p r e d i c t i o n  t e c h n i q u e s  c a n  become commonly a c c e p t e d  i f  c o s t  e n g i -  
n e e r s  are developed who h a v e  e x p e r i e n c e  a n d  a b i l i t i e s  t h a t  m a t c h  t h o s e  o f  
t o d a y ' s  w e i g h t s  e n g i n e e r s .  
Economic- Areas S tud ied  
To apply  economics  to  a space  sys t em,  spec i f i c  deve lopmen t s  were r e q u i r e d  
t o  p r o v i d e  a d a t a  b a s e  a n d  t o o l s  f o r  r a p i d  a n a l y s i s .  A c o s t  d a t a  b a s e ,  
d e s c r i b e d  i n  S e c t i o n  2 . 1 ,  "Cost  Technology," was r e q u i r e d  t o  e v a l u a t e  a n d  
p r e d i c t   t h e   t r u e   c o s t s   o f   v a r i o u s   p r o g r a m   e l e m e n t s .  The concept o f  t r a n s -  
p o r t a t i o n  c o s t s  was necessa ry  to  pe rmi t  r ap id  and  co r rec t  economic  va lu -  
a t i o n   o f   w e i g h t .  The   concept   se lec t ion   technique   provides   an   economic  
method f o r  s c r e e n i n g  o f  d e s i g n  a l t e r n a t i v e s ,  w h i c h  is v i t a l  i n  e a r l y  p r o -  
gram  phases t o  r e d u c e  t h e  number o f   concep t s   t o  a manageable l eve l .  SCOT 
p rov ides  a n e e d e d  t o o l  f o r  a c h i e v i n g  t h e  p r o p e r  b a l a n c e  o f  c o s t  a n d  w e i g h t .  
Conf igura t ion  by  economic  ana lys i s  was r e q u i r e d  i n  t h e  p r o p e r  a s s e s s m e n t  
of recoverable  booster  economics and i l l u s t r a t e s  the  development  of  eco- 
nomic t o o l s  f o r  s p e c i f i c  d e s i g n  p r o b l e m s .  
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2 . 1  COST TECHNOLOGY 
Need f o r  C o s t  P r e d i c t i o n  T e c h n i q u e s  
T o  make eng inee r ing  dec i s ions  in  p rogram p lann ing  based  on  cost i m p l i e s  
the knowledge of c o s t  v a l u e s  a n d  t h e  a v a i l a b i l i t y  of choices  be tween cos t  
a l t e r n a t i v e s .  I f  c o s t s  are known for   each  program  element  as r e l a t e d  t o  
i t s  t e c h n i c a l  c h a r a c t e r i s t i c s ,  t h e  i n f l u e n c e  o f  t h e s e  c h a r a c t e r i s t i c s  on 
program cos t  can  be  de t e rmined ,  and  the  r e su l t i ng  least  cos t  op t ion  can  
be   recommended.   Thus ,   da ta   mus t   be   ava i lab le   tha t  relate c o s t s  t o  t h e  
va r ious  eng inee r ing  a spec t s  o f  p rograms  fo r -  wh ich  t r ades  are cons ide red .  
The Choice of H i s t o r i c a l  Data Trends  o r  Syn thes i zed  Cos t s  
P r e d i c t i n g   c o s t s  by s y n t h e s i s   h a s  shown i t s e l f  t o  b e  i n a c c u r a t e .  F i g u r e  
2 .1 -1  i s  a p l o t  o f  a c t u a l  c u m u l a t i v e  c o s t s  a n d  o r i g i n a l  c o n t r a c t  e s t i m a t e s  
f o r   t h e   L u n a r  O r b i t e r  v e h i c l e .  The cost   growth shown f o r  t h i s  program is  
small when compared t o  t h a t  f o r  o t h e r  h a r d w a r e  p r o g r a m s .  
It i s  t h i s  c h a r a c t e r i s t i c  o f  s y n t h e s i z e d  c o s t s - - - t h a t  t h e y  are low  compared 
t o  a c t u a l  c o s t s - - - t h a t  makes t h e  u s e  o f  h i s t o r i c a l  c o s t  d a t a  a b e t t e r  me-  
t h o d  o f  c o s t  p r e d i c t i o n  b e c a u s e  t h e  h i s t o r i c a l  d a t a  w i l l  a l r e a d y  h a v e  c o s t  
g rowths  inc luded  fo r  wha teve r  r eason  they  occur .  
The r e s t r i c t i o n  o n  u s i n g  h i s t o r i c a l  c o s t s  is t h a t  t h e  d a t a  must  be  compar- 
a b l e ;  t h a t  i s ,  the  da t a  mus t  r ep resen t  p rograms  fo r  similar h a r d w a r e ,  t h e  
same a s p e c t s  of each program must b e  considered, the same program phases 
must b e  inc luded,  dollar values must be normalized t o  a common year, and 
t h e  relatlve t echnica l .  nature of the programs (state of the art) muet be 
t h e  same, 
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E s t a b l i s h i n g  - .- -- Nonrecurr ing  " - and  Recurr ing  Costs  
Hardware programs rarely have a c l e a n  c o n t r a c t u a l  b r e a k  b e t w e e n  t h o s e  
c o s t s  n e c e s s a r y  t o  d e v e l o p  t h e  h a r d w a r e  a n d  t h o s e  c o s t s  i n c u r r e d  i n  p r o -  
duc ing   ope ra t iona l   ha rdwa . re .   The re fo re ,   t he   d iv i s ion   be tween   nonrecur r ing  
a n d  r e c u r r i n g  c o s t s  is a r t i f i c i a l  f r o m  t h e  s t a n d p o i n t  o f  a c t u a l  d o l l a r  
spending .  Care is  r e q u i r e d   t o   s e p a r a t e   o n e   t y p e   o f   c o s t   f r o m   t h e   o t h e r ,  
and  what is a nonrecurr ing  cos t  in  one  program can  be  a r e c u r r i n g  c o s t  
i n  a n o t h e r  ( e . g . ,  g r o u n d  s u p p o r t  e q u i p m e n t  f o r  t h e  L u n a r  O r b i t e r  a n d  t h e  
Minuteman). 
A d i s t i n c t i o n  must be made between these two types  of c o s t s  b e c a u s e  t h e y  
are a f f e c t e d  by d i f f e r e n t  a s p e c t s  o f  t h e  h a r d w a r e  a n d ,  t h u s ,  show d i f f e r -  
e n t   t r e n d s .   F i g u r e s  2.1-2 and 2.1-3 i l l u s t r a t e   t h i s   d i f f e r e n c e   f o r   l a u n c h  
v e h i c l e   s t a g e s   ( l e s s   e n g i n e   s u b s y s t e m ) .   N o t e   t h a t   r e c u r r i n g   c o s t s  are 
much more a f f e c t e d  by weight  than are  nonrecurr ing (development)  costs .  
Learning  Curves 
The a b i l i t y  o f  p r o d u c t i o n  w o r k e r s  t o  l e a r n ,  a n d  t h e r e b y  i m p r o v e  t h e i r  
c o s t  p e r f o r m a n c e  f o r  r e p e t i t i v e  o p e r a t i o n s ,  is i l l u s t r a t e d  b y  t h e  s t e a d y  
d e c l i n e  i n  f a b r i c a t i o n  t i m e  ( a n d  t h e r e f o r e  c o s t )  as more u n i t s  o f  h a r d w a r e  
are p roduced .   Th i s   l ea rn ing  i s  d i s p l a y e d   i n   F i g u r e  2.1-4,  wh ich   p lo t s  
p roduc t ion   manhours   fo r   t he  Bomarc B.  The c u r v e  i l l u s t r a t e s  t h e  l a c k  o f  
a d e f i n i t e  t r e n d  t o  c o s t s  o f  t h e  f i r s t  few u n i t s ,  w h i c h  r e s u l t s  f r o m  work- 
i n g  o u t  " b u g s "  i n  t h e  p r o d u c t i o n  l i n e .  
The l e a r n i n g  p r o c e s s  i s  c h a r a c t e r i z e d  b y  s t r a i g h t  l i n e s  on log-log p l o t s  
of p r o d u c t i o n   c o s t  as a f u n c t i o n  of u n i t  number. Such l i n e s  are commonly 
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Figure 2.1-3: LAUNCH VEHICLE RECURRING COSTS -- Stage Less Engine 
Figure 2.1-4: BOMARC "8"  PRODUCTION EXPERIENCE 
r e f e r r e d  t o  as "X%" l e a r n i n g  c u r v e s ,  w h e r e  X i s  t h e  r a t i o  o f  c o s t s  f o r  t h e  
2Nth u n i t  t o  t h o s e  f o r  t h e  Nth un i t .   Thus ,   t hese   cu rves   can   be   expres sed  
by 
CN/C1 = N 1 .44  In  X 
where C is t h e  c o s t  o f  t h e  Nth u n i t  , X is t h e  l e a r n i n g  c u r v e  p e r c e n t a g e ,  
and C i s  t h e   f i r s t - u n i t   c o s t .  It can be   s een   f rom  F igu re   2 .1 -4   t ha t ,   t o  
m a t c h  t h e  a v e r a g e  c o s t  o f  h a r d w a r e  u n i t s ,  t h e  e f f e c t i v e  f i r s t - u n i t  c o s t  
is d i f f e r e n t  from t h e   a c t u a l .   " F i r s t - u n i t   c o s t "   u s e d   i n   t h i s   r e p o r t  is 
t h e  e f f e c t i v e  c o s t .  
N 
1 
Exper i ence  shows  tha t  l ea rn ing  pe rcen tages  fo r  ae rospace  ha rdware  r ange  
between 85 and 9 5 % ,  depending on hardware  complexi ty .   Unless   otherwise 
i n d i c a t e d ,  90% l e a r n i n g  h a s  b e e n  a s s u m e d  f o r  s t u d i e s  u n d e r  t h i s  c o n t r a c t .  
H i s to r i ca l  Cos t  T rend  Pa rame te r s  
To b e  u s a b l e ,  t h e  p a r a m e t e r s  u s e d  t o  d e f i n e  c o s t  t r e n d s  m u s t  b e  q u a n t i t i e s  
t h a t  are f u n c t i o n a l l y  r e l a t e d  t o  t h e  t e c h n i c a l  a s p e c t  o f  d e s i g n  t h a t  i s  
the   sub jec t   o f   cho ice .   Fo r   example ,   i f  two d i f f e r e n t  materials are  be ing  
c o n s i d e r e d  i n  some d e s i g n  a p p l i c a t i o n ,  e s t i m a t i o n  w i l l  b e  s i m p l i f i e d  i f  
c o s t  i s  re la ted t o  m a t e r i a l  t y p e  a n d  w e i g h t ,  w h e r e a s  a c o s t  e s t i m a t i o n  
b a s e d  o n  f a b r i c a t i o n  time w i l l  be  complex and unworkable  on the prel imi-  
n a r y  d e s i g n  level.  
The chosen  t r end  pa rame te r s  mus t  a l so  posses s  a l o g i c a l  r e l a t i o n s h i p  t o  
cos t - - -a  f requent ly  misunders tood  poin t - - -because  parameters  tha t  are n o t  
l o g i c a l l y   r e l a t e d   c a n   l e a d   t o   e r r o r s   i n   c o s t   e s t i m a t i o n .   F o r   e x a m p l e ,  
F igu re  2.1-5 shows a c o r r e l a t i o n  o f  l a u n c h  v e h i c l e  s t a g e  f i r s t  u n i t  ( l e s s  
e n g i n e   s u b s y s t e m )   c o s t s   w i t h   p r o p e l l a n t   w e i g h t .  The c o s t   c o r r e l a t i o n  
i n d i c a t e d  is good i n  t h a t  d a t a  scatter is l o w ,  b u t  c o n s i d e r a t i o n  o f  t h e  
l o g i c a l  r e l a t i o n s h i p s  shows t h a t  t h e  d i f f e r e n t  d e n s i t i e s  o r  m i x t u r e  
r a t i o s  o f  v a r i o u s  types of s t o r a b l e  p r o p e l l a n t s  ( N  0 /UDMH a g a i n s t  RFNA/ 
UDMH, for  example)  w i l l  i n d i c a t e  d i f f e r e n t  s t a g e  c o s t a  f o r  e s s e n t i a l l y  
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Figure 2.1-5: LAUNCH VEHICLES UNIT #1 COST (Less Engines) 
ident ica l   hardware .   Another   example  is r o c k e t - e n g i n e   u n i t   c o s t   w i t h  
t h r u s t ,  w h i c h  i g n o r e s  t h e  d i f f e r e n c e s  b e t w e e n  low- and  h igh-pressure  
engines  or  be tween b leed  cyc le  and  gas  genera tor  dr ive  turbopupms.  
S t a t i s t i c a l  Approach t o  T r e n d s  
S e r i o u s  sca t te r  e x i s t s  i n  a n y   c o l l e c t i o n   o f   c o s t   d a t a .  Data scat ter  
i t s e l f  d o e s  n o t  i n d i c a t e  t h a t  t h e  t r e n d  p a r a m e t e r  w a s  poor ly  chosen;  i t  
ind ica t e s   on ly   t ha t   ha rdware   p rog rams  are i m p e r f e c t .   T h i s  sca t te r  may 
arise because  some programs are bese t  by  problems and  suf fer  cos t  g rowths ,  
b e c a u s e  r e t r o f i t s  are f r equen t ly   r equ i r ed ,   because   eng inee r ing   changes  
are sometimes  introduced,   because a ca r ry -ove r  o f  expe r i ence  occur s  in  
some programs and not i n  o t h e r s ,  a n d  b e c a u s e  w e i g h t - r e d u c t i o n  p r o g r a m s  
are somet imes   i n s t i t u t ed .   Thus ,  a me thod   o f   ex t r ac t ing   t he   impor t an t   i n -  
format ion  f rom imperfec t  da ta  must  be  deve loped .  
S t a t i s t i c a l  a n a l y s i s  p r o v i d e s  a t e c h n i q u e   f o r   h a n d l i n g   d a t a  sca t te r .  The 
a p p l i c a t i o n  of c u r v e  f i t t i n g  w i t h  minimum rms d e v i a t i o n  i s  a smoothing 
o p e r a t i o n  t h a t  w i l l  d e t e c t  t h e  c o r r e l a t i o n  b e t w e e n  c o s t  a n d  t h e  t r e n d  
p a r a m e t e r  s e l e c t e d  l o g i c a l l y .  
I n  a p p l y i n g  t h i s  m e t h o d ,  e x p e r i e n c e  is u s e d  t o  o b s e r v e  t h a t  m o s t  c o s t  
c o r r e l a t i o n s  take t h e  form of s imple  power laws, i . e .  , s t r a i g h t - l i n e  
r e l a t i o n s h i p s   o n   l o g - l o g   p l o t s .  Thus , i f :  
I n d i v i d u a l  c o s t  v a l u e  = C i 
I n d i v i d u a l  c o r r e l a t i o n  p a r a m e t e r  v a l u e  = pi 
t h e  s t a t i s t i ca l  c o s t  e x p r e s s i o n  is given  by:  
C = bPa 
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where: 
a =  
I_ - _  
CiPi - CiPi 
b = l og  (Ci - a Ti) -1 - 
w h e r e  t h e  b a r r e d  q u a n t i t i e s  i n d i c a t e  a v e r a g e s  t a k e n  o v e r  a l l  d a t a  p o i n t s  
c o n s i d e r e d .  
F i g u r e  2.1-6  shows t h e  r e s u l t s  o f  such a c u r v e  f i t t i n g  when a p p l i e d  t o  
c o r r e l a t i n g  r o c k e t - e n g i n e  f i r s t  u n i t  c o s t s  w i t h  e n g i n e  s u b s y s t e m  w e i g h t .  
T h r e e   d i f f e r e n t   c u r v e s  are f i t t e d  by e x c l u d i n g   v a r i o u s   d a t a   p o i n t s .   A l s o  
shown is a P r a t  t & Whitney cos t  mode l  t r end .  
System  Costs From Fundamental  Elements 
I n  s p a c e  s y s t e m s ,  a m a j o r  p o r t i o n  of t o t a l  c o s t s  is a s s i g n e d  t o  s u b s y s -  
tems o t h e r  t h a n  w h a t  i s  commonly r e f e r r e d  t o  as ' ' S t r u c t u r e .  I '  I n  t h e s e  
s y s t e m s ,  t h e  s t r u c t u r e  ( w h i c h  c o r r e s p o n d s  t o  t h e  a i r f r a m e  i n  a i r c r a f t  
programs)  becomes  one  of  the  subsystems.  There is a t e n d e n c y   t o   u s e   t h e  
subsystem as t h e  f i n e s t  s u b d i v i s i o n  o f  c o s t  e l e m e n t s  i n  s p a c e  s y s t e m s  c o s t  
p r e d i c t i o n s ,  b e c a u s e ,  b y  i n f e r e n c e ,  a l l  c o s t s  f o r  members of one  subsystem 
class s h o u l d   b e h a v e   i n   t h e  same way ( i . e . ,  show a common t r e n d ) .   T h i s  
a p p r o a c h  t o  s y s t e m  c o s t i n g  h a s  p r o d u c e d  d i f f i c u l t y  i n  e s t a b l i s h i n g  work- 
a b l e   c o s t   t r e n d s   f o r   s u b s y s t e m s   o t h e r   t h a n   s t r u c t u r e .   I n  many cases 
(e .g .  , a guidance  and  cont ro l  subsys tem)  , s t a t i s t i c a l  a n a l y s i s  is  unable  
t o  show a t r e n d  w i t h i n  r e a s o n a b l e  d e v i a t i o n  limits. 
The l a c k  o f  c o r r e l a t i o n  arises because  the  p recep t  o f  a l o g i c a l  r e l a t i o n -  
s h i p  b e t w e e n  c o s t  a n d  c o r r e l a t i o n  p a r a m e t e r s  h a s  b e e n  v i o l a t e d .  A t y p i c a l  
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Figure 2.1-6: ROCKET ENGl NE RECURRING COSTS - WEIGHT CORRELATION 
s u b s y s t e m  c o m p r i s e s  t h r e e  t y p e s  o f  h a r d w a r e  i n  d i f f e r i n g  q u a n t i t i e s :  
s t r u c t u r e s ,  w h e r e  t h e  h a r d w a r e  f u n c t i o n s  t o  t r a n s m i t  l o a d ;  m e c h a n i s m s ,  
w h e r e  t h e  h a r d w a r e  f u n c t i o n s  t o  t r a n s m i t  m o t i o n ;  a n d  e l e c t r o n i c s ,  w h e r e  
t h e   h a r d w a r e   f u n c t i o n s   t o   t r a n s m i t   a n d   c o n d i t i o n  e lec t r ica l  s i g n a l s .  The 
i m p o r t a n t  c o s t  r e l a t i o n s h i p s  f o r  e a c h  o f  t h e s e  t y p e s  o b v i o u s l y  d i f f e r  from 
o n e   t o   a n o t h e r .   I n  some cases, s t ruc tu res   and   mechan i sms  show similar 
behaviors .   The  way these   hardware   types  are mixed   and   the   s ign i f icance  
o f  s t r u c t u r e  i n  o t h e r  s u b s y s t e m s  i s  shown i n  F i g u r e  2 . 1 - 7 ,  w h i c h  t a b u l a t e s  
w e i g h t s  f o r  a small unmanned spacecraf t  sys tem by  subsys tem and  by  hard-  
ware type.   Note  t h a t  i n  a to ta l   sys tem  weight   o f   418   pounds  , t he   " s t ruc -  
t u ra l   subsys t em"   compr i se s   52   pounds ,   o r   12%;   bu t   s t ruc tu ra l   componen t s  
found  wi th in  a l l  subsystems  comprise  286 pounds,   or   68%. 
The r e s u i t  o f  f i t t i n g  a n  e q u a t i o n  o f  t h e  f o r m :  
a 
Cost = b ( e l e c t r o n i c  component  weight) e e 
a 
+ bs ( s t r 1 : c t u r a l  component we igh t )  S 
i s  shown i n   F i g u r e  2.1-8. A s  e x p e c t e d ,   e l e c t r o n i c  component u n i t   c o s t s  
show much less improvement   wi th   weight   increases   than  do u n i t  c o s t s  f o r  
s t r u c t u r a l  c o m p o n e n t s .  
Effect of Complexity on Cost Models 
P r e v i o u s  a r g u m e n t s  i m p l y  t h a t  s t r u c t u r e ,  when i s o l a t e d  f r o m  t o t a l  s p a c e  
sys t ems ,   shou ld  show a s i n g l e   c o s t   t r e n d   w i t h   w e i g h t .   T h i s   d o e s   n o t  
o c c u r ,  as shown  by F i g u r e  2 . 1 - 9 ,  w h i c h  p l o t s  t h e  f i r s t - u n i t  c o s t  f o r  
s t r u c t u r e  a g a i n s t  w e i g h t  € o r  a l a r g e  number of space systems and compo- 
n e n t s .  The d a t a  p o i n t s  t e n d  t o  g r o u p  i n t o  b a n d s  by g e o m e t r i c   t y p e s   o f  
h a r d w a r e ,  w i t h  t h e  b a n d s  s h o w i n g  s i g n i f i c a n t  c o s t  s e p a r a t i o n s .  
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Communications - Package A 
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Figure 2.1-7: SPACECRAFT SUBSYSTEMS WEIGHTS BREAKDOWN 
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Figure 2.1-8: SMALL UNMANNED SPACECRAFT COST DATA 
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Figure 2.1-9: EFFECT OF COMPLEXITY ON COST 
I f  a s i n g l e  s t r u c t u r a l  component i s  examined ,  w i th  geomet r i c  s imi l a r i t y  
main ta ined   th roughout  a r a n g e   o f   s i z e s   a n d   w e i g h t s   ( e . g . ,  LH s u p e r c r i t i -  
cal  s t o r a g e  t a n k s ) ,  a d i s c r e t e  t r e n d  is  n o t e d .   T h i s   t r e n d   i n d i c a t e s   t h a t  
u n i t   c o s t   d e c r e a s e s  as p a r t  s i z e  i n c r e a s e s .  The n e x t   t o p i c  shows t h a t  
g e o m e t r i c  r e l a t i o n s h i p s  e x p l a i n  t h i s  t r e n d .  
2 
It c a n  b e  s e e n  t h a t  i f  a s t r u c t u r e  were b u i l t  up of  many such small com- 
p o n e n t s ,  t h e  u n i t  c o s t  w o u l d  b e  h i g h e r  t h a n  i f  a similar s t r u c t u r e  w i t h  
t h e  same t o t a l  w e i g h t  were b u i l t  up of  a few large  components .   This  
a c c o u n t s   f o r   t h e   i n d i c a t e d   h i g h   c o s t   o f   e n t r y   v e h i c l e s ,   w h i c h  are made 
up of many small p a r t s .  
More s t u d y  is r e q u i r e d  t o  d e m o n s t r a t e  a n a l y t i c a l l y  t h e  e f f e c t s  of com- 
p l e x i t y  on c o s t .  
S i g n i f i c a n t  T r e n d s  
The cos t   bands  on F igu re  2.1-9 have similar t r e n d s  ( s l o p e s )  t h a t  c a n n o t  
b e   a s c r i b e d   t o   c o i n c i d e n c e .   S t a t i s t i c a l   c u r v e   f i t t i n g  shows s l o p e s   t h a t  
are n e a r l y  t h e  same f o r  e n t r y  v e h i c l e s ,  manned space  capsu le s ,  t ankage ,  
and   launch   vehic le   cos ts .   Moreover ,  a t r end   t aken  from  independent  study, 
t h e  NAA d a t a  ( R e f e r e n c e  I ) ,  shows  the same s l o p e .  
The s l o p e  of t hese   bands  i s  n u m e r i c a l l y  c l o s e  t o  1 / 3 .  T h u s ,  i f  c o s t  p e r  
u n i t   w e i g h t  is : 
c/w - w-1/3 
t h e n  
c - w  2 / 3  
which, i f  W = p V ,  where V = volume,  g ives :  
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b u t  
v 2 f 3  - area 
s o  t h a t  c o s t  i s  p r o p o r t i o n a l  t o  area. 
I t  is e a s i l y  u n d e r s t o o d  how c o s t  c o u l d  b e  r e l a t e d  d i r e c t l y  t o  p a r t  area, 
s ince  mos t  manufac tu r ing  ope ra t ions  are concerned with working on the 
s u r f a c e  o f  p a r t s  o r  c r e a t i n g  new s u r f a c e s .  
s ame 
t ron 
s i z e  
2.2 
E l e c t r o n i c  p a c k a g e s ,  p a c k e d  t o  a g iven  dens i ty ,  have  approximate ly  the  
number  of p a r t s  p e r  pound r e g a r d l e s s  of   package   s ize .   Thus ,  elec- 
i c s  s h o u l d  h a v e  c o s t s  t h a t  show l i t t l e  improvement  with increasing 
TRANSPORTATION COSTS 
Sig2nifi ,c3-nce of Transportation Costs 
T r a n s p o r t a t i o n  c o s t  i s  the  sys t em cos t  e l emen t  a s soc ia t ed  wi th  t r anspor t -  
i ng  mass f rom one  cond i t ion  o f  l oca t ion  and  ve loc i ty  to  ano the r ;  such  cos t  
i s  u s u a l l y  e x p r e s s e d  i n  d o l l a r s  p e r  pound. I t  i s  a f r equen t ly   u sed  con- 
cep t  i n  ae rospace  economics  and  has  been  app l i ed  to  commerc ia l  a i r c ra f t  
f o r  many years.  Its b a s i c  a p p l i c a t i o n s  are (1)  a shorthand  method  of   in-  
c l u d i n g  t h e  c o s t s  o f  l a u n c h  v e h i c l e  h a r d w a r e  i n  s y s t e m - c o s t i n g  e x e r c i s e s ,  
and ( 2 )  a means  of  eva lua t ing  the  economic  mer i t s  of  l igh tweight  and  
h e a v y w e i g h t  d e s i g n  a l t e r n a t i v e s .  
The f i r s t  a p p l i c a t i o n  a c t u a l l y  i n v o l v e s  a d e f i n i t i o n  of t h e  term " t r ans -  
p o r t a t i o n  c o s t "  t h a t  d i f f e r s  from t h e   s e c o n d   a p p l i c a t i o n .  The second 
a p p l i c a t i o n  i s  ext remely  impor tan t  in  aerospace  economics ;  a clear under- 
s t a n d i n g  of  t h e  d i f f e r e n c e s  b e t w e e n  t h e  two a p p l i c a t i o n s  a n d  of  the nu- 
merical d i f f e r e n c e s  of t h e  two types  of t r a n s p o r t a t i o n  c o s t s  i n v o l v e d  is 
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v i t a l  t o  p e r f o r m i n g  c o r r e c t  e c o n o m i c  t r a d e s  a n d  t o  u n d e r s t a n d i n g  t h e  u s e s  
d e s c r i b e d  i n  t h e  r e m a i n d e r  o f  t h i s  d o c u m e n t .  
F i g u r e  2.2-1 s h o w s  m a r g i n a l  t r a n s p o r t a t i o n  c o s t s  f o r  a t y p i c a l  p l a n e t a r y  
mis s ion  as a f u n c t i o n  of t o t a l   v e l o c i t y   c h a n g e .   N o t e   t h e   h i g h   c o s t   l e v e l s  
a n d   r a p i d   c o s t   i n c r e a s e s  a t  h i g h e r   v e l o c i t i e s .   T h e s e   c o s t s  are s i g n i f i -  
can t ly  h ighe r  t han  mos t  ha rdware  r ecu r r ing  cos t s .  
Di f fe rence  Between Tota l  and  Margina l  Transpor ta t ion  Cos ts  
I n  t h e  f i r s t  a p p l i c a t i o n  m e n t i o n e d  p r e v i o u s l y  ( t h e  s h o r t h a n d  m e t h o d )  , i t  
is d e s i r a b l e  t h a t  t o t a l  l a u n c h  s y s t e m  c o s t  b e  o b t a i n a b l e  by  mul t ip ly ing  
some u n i t   c o s t   ( $ / l b )  by payload  weight .   Obviously a u n i t   c o s t   o b t a i n e d  
b y  r e v e r s i n g  t h e  m u l t i p l i c a t i o n  w i t h  a known launch system cost  and pay-  
load  we igh t  w i l l  b e  a p p l i c a b l e .  T h i s  q u a n t i t y  w i l l  b e  r e f e r r e d  t o  i n  t h e  
ba lance  of  th i s  document  as " t o t a l  t r a n s p o r t a t i o n  c o s t .  I '  
T h i s  q u a n t i t y  d o e s  n o t  m e a s u r e  t h e  e c o n o m i c  u t i l i t y  o f  w e i g h t  r e d u c t i o n ,  
and is i n c o r r e c t  when used i n  t h e  s e c o n d  a p p l i c a t i o n .  
In  compar ing  cos t -we igh t  cand ida te s ,  t he  cos t  t ha t  shou ld  be  app l i ed  is  
t h e  c h a n g e  i n  l a u n c h  v e h i c l e  c o s t  as t h e  p a y l o a d  w e i g h t  v a r i e s  a small 
amount  from  some base   po in t .   Th i s  is t r u e  b e c a u s e  t h e  v a l u e  o f  a payload 
weight  reduct ion  must  be  repa id  by  a d o l l a r  s a v i n g s  i n  the  l aunch  sys t em.  
The t r a n s p o r t a t i o n  c o s t  d e f i n e d  i n  t h i s  f a s h i o n  w i l l ,  i n  f u t u r e  r e f e r e n c e s ,  
b e  c a l l e d  t h e  ' ' m a r g i n a l  t r a n s p o r t a t i o n  c o s t .  " 
T o t a l  a n d  m a r g i n a l  t r a n s p o r t a t i o n  c o s t s  are n o t  e q u i v a l e n t  ( F i g u r e  2 .2 -2 ) .  
The u p p e r  p l o t  i n  t h e  f i g u r e  d e p i c t s  t h e  t o t a l  c o s t  p e r  l a u n c h  a s s i g n a b l e  
t o  a low E a r t h  o r b i t  l a u n c h  s y s t e m  f o r  a range   of   des ign   payloads .   This  
curve  is  a r e a l  c o s t  p r e d i c t i o n  f o r  f u t u r e  s y s t e m s ;  i t  shows t h a t  t o t a l  
t r a n s p o r t a t i o n   c o s t ,  Cost/W w i l l  a lways   be   l a rge r   t han   marg ina l   t r ans -  
p o r t a t i o n  c o s t ,  d ( C o s t ) / d ( W  ) .  A c t u a l  v a l u e s  f o r  t h e s e  t w o  q u a n t i t i e s  E'  E 
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Figure 2.2-1: MARS  LANDER MISSION TRANSPORTATION COST 
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Figure 2.2-2: DERIVATION OF MARGINAL AND TOTAL TRANSPORTATION 
COSTS WITH FUTURE LAUNCH VEHICLES 
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are shown i n   t h e   l o w e r   p l o t .   N o t e   t h a t   b o t h   c o s t s   d e c r e a s e  as W in-  
creases. 
E 
Es t ab l i sh ing   Marg ina l  ~ T r a n s q o r t a t i o n   C o s t  ~~ "" on  Future   Launch  Vehicles  
Many c o s t  e l e m e n t s  make up a new launch system (e .g . ,  hardware develop-  
m e n t ,   m a n u f a c t u r i n g   f a c i l i t i e s ,  test  f a c i l i t i e s ,   l a u n c h   o p e r a t i o n s ) .  Any 
e l emen t  t ha t  is a f f e c t e d  b y  p a y l o a d  s i z e  c o n t r i b u t e s  t o  m a r g i n a l  trans- 
p o r t a t i o n   c o s t .   T h e s e   e l e m e n t s ,   a n d   t h e i r   c o s t   t r e n d   e x p r e s s i o n   d e r i v e d  
f r o m   h i s t o r i c a l   d a t a ,  are l i s t e d  i n  F i g u r e  2.2-3.  These   expres s ions ,  
w i th  the  a s sumpt ion  o f  a 30- f l igh t  program,  were used t o  c o n s t r u c t  F i g u r e  
2.2-2.  
Only  by  e s t ab l i sh ing  such  a cos t  mode l  can  marg ina l  t r anspor t a t ion  cos t s  
be computl.-d f o r  a new lavlnch s y s t e m ,  b e c a u s e  o n l y  b y  i n c l u d i n g  a l l  c o s t  
e l emen t s  can  the  t rue  sys t em impac t  o f  pay load  we igh t  changes  be  eva lua ted .  
It is  i m p o r t a n t  t o  n o t e ,  h o w e v e r ,  t h a t  i f  t h e  l a u n c h  s y s t e m  is n o t  b e i n g  
s i z e d  s p e c i f i c a l l y  f o r  t h e  p a y l o a d  d e s i g n  b e i n g  c o n s i d e r e d  ( e . g . ,  a 
"workhorse"   booster  i s  p o s t u l a t e d )  , then  the  launch  sys tem cos t  change  
due t o   p a y l o a d   w e i g h t   v a r i a t i o n s  is undef ined .   This  common s i t u a t i o n  
d o e s  n o t  p r e c l u d e  t h e  a p p l i c a t i o n  of t h e  m a r g i n a l  t r a n s p o r t a t i o n  c o n c e p t .  
I n  t h i s  case, the  pay load  is economica l ly  matched  wi th  the  ex is t ing  
b o o s t e r  by a m e t h o d  d e s c r i b e d  i n  S e c t i o n  2 . 4 .  
M a r g i n a l  T r a n s p o r t a t i o n  C o s t s  of Payload on Exis t ing Launch Vehicles  
No v d u e  06 man-gind ;ttraMnpoz,ta.tion conR can be dedined doh an exin;ting 
launch veh ic le  (excepi i n  p t rog / ran~  involving muLtiple launcheb do& a 
single payload) ; do& nuch u ue.kiCee, a w i t  change i n  payload w e i g h t  
pmduceb no k e d  change i n  launch n yniem c a n t .  
Figure 2 . 2 - 4  shows t y p i c a l  l a u n c h  v e h i c l e  coet  var ia t ion  with  payload 
weight f o r  a f ami ly  of improved  and  in t e rmed ia t e  Sa tu rn  veh ic l e s  (Refe r -  
ence  2 ) .  The c o a t s  shown are t h e  s ~ m  o f   t h e   a v e r a g e   h a r d w a r e   c o s t   f o r  
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ZOST ELEMENT 
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Integration & Management 
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Launch Operations 
*Staging Velocity = 14,000 fps 
Learning Curve = 90% 
COST EXPRESSION 
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1.302 x lo8 + 28.65 Wp N/T 
3.00 X IO8 + 432.4 We 
7 0.244 
7  0.244 
5 0.557 
0.557 
3.178 X 10 We 
6.592 X 10 We 
1.089 X 10 Wp 
3 0.729 
2 0.809 
4  0.461 
4 0.461 
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10% of Hardware 
2.282 x lo7 + 2.684 We 
N/T = Annual Production Rate 
Figure 2.23: LAUNCH VEHICLE* COST ELEMENTS FOR VARIABLE PAYLOAD 
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Figure 2 . 2 4 :  DERIVATION OF MARGINAL TRANSPORTATION 
COSTS FOR EXISTING  LAUNCH VEHICLES 
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30 u n i t s  ( a f t e r  t h e  f i r s t  1 5 )  p l u s  r e c u r r i n g  f l i g h t  c o s t s  f o r  g r o u n d  s u p -  
p o r t  e q u i p m e n t  a n d  f a c i l i t i e s  a n d  f o r  i n t e g r a t i o n  a n d  management. 
The d i s c o n t i n u o u s  n a t u r e  of t h e  c o s t  v a r i a t i o n  makes  margina l  t ranspor ta -  
t i o n  c o s t  u n d e f i n e d  b e c a u s e ,  as the  examples  show, a u n i t  c h a n g e  i n  pay- 
load  we igh t  can  p roduce  no  change ,  i n f in i t e  change ,  o r  any  in t e rmed ia t e  
va lue   o f   l aunch   sys t em  cos t   va r i a t ion .  Any a t t e m p t   t o   a p p l y   t h e   m a r g i n a l  
t r a n s p o r t a t i o n  c o s t  c o n c e p t  t o  s u c h  a problem w i l l  produce no v a l i d  e c o -  
nomic  information.  However,  a program  such as a manned p l a n e t a r y   m i s s i o n  
can i n v o l v e  m u l t i p l e  l a u n c h e s  w i t h  o r b i t  r e n d e z v o u s  t o  p l a c e  a set  of mis- 
s i o n   h a r d w a r e   i n   s p a c e .  I n  t h i s  case, pay load   ( i . e . ,   m i s s ion   ha rdware )  
w i l l  de t e rmine   t he  number   o f   l aunch   vehic les   requi red .   I f   payload   weight  
v a r i a t i o n s  a r e  s i z a b l e ,  t h e  number  of  launch  vehic les  may change  by  one 
o r  more.. 
For  example, i f  a Mars veh ic l e  we ighs  3,000,000 pounds i n  E a r t h  o r b i t ,  
1 2  S a t u r n  V launches  would  be  required.  A w e i g h t  t r a d e  i n v o l v i n g  8% of  
t h i s  3,000,000 pounds  would  change  the  number  of  Saturn V ' s  by one,  with 
corresponding  launch  system  cost   change.  Such  changes,  on t h e   a v e r a g e ,  
c o u l d  b e  p r i c e d  b y  u s i n g  t h e  t o t a l  t r a n s p o r t a t i o n  c o s t  of S a t u r n  V (approx- 
ima te ly  $500 / lb ) ,  wh ich  becomes  equa l  t o  the  marg ina l  t r anspor t a t ion  cos t  
fo r   t h i s   example .   However ,   i n   such  cases, i t  i s  m o s t   a c c u r a t e   t o   c o n s i d e r  
o n l y  t h e  t o t a l  l a u n c h  s y s t e m  c o s t  c h a n g e  a n d  treat  each  case as unique.  
The problem of matching new p a y l o a d  d e s i g n  t o  a n  e x i s t i n g  l a u n c h  v e h i c l e  
is d i s c u s s e d  i n  S e c t i o n  2 .4 .  
Marginal  Transportat ion Costs  of  Launch Vehicle  Hardware 
The m a r g i n a l  t r a n s p o r t a t i o n  c o s t  c o n c e p t  i s  u s e f u l  i n  d e s i g n  t r a d e s  f o r  
l a u n c h  v e h i c l e s  as wel l  as p a y l o a d s  i f  i t  can   be   p rope r ly   eva lua ted .  The 
p r o p e r  c r i t e r i o n  is unchanged:  the  change i n  l a u n c h  s y s t e m  c o s t  f o r  a 
uni t   weight   change .  Its a p p l i c a t i o n   t o   l a u n c h   v e h i c l e s  is compl ica ted  
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by t h e  " m u l t i p l i e r "  e f f e c t - - - t h e  c a s c a d i n g  o f  i n e r t  w e i g h t  c h a n g e s  t h r o u g h  
t h e  w e i g h t s  o f  p r o p e l l a n t ,  a s s o c i a t e d  p r o p e l l a n t  c o n t a i n m e n t ,  p r o p u l s i o n ,  
and so  on. 
Per formance   t rades   (Reference  3 )  show t h a t ,  f o r  f irst  s t a g e s  a n d  s i n g l e -  
s t a g e - t o - o r b i t  l a u n c h  v e h i c l e s ,  t h e  m u l t i p l i e r  e f f e c t  is n o t  s t r o n g ,  b e i n g  
on   t he   o rde r   o f  6% f o r  LOX/LH2 u n s t a g e d   v e h i c l e s .   S i n c e  a l l  c o s t  d a t a  
have a w i d e r  t o l e r a n c e  t h a n  6%,  t h i s  e f f e c t  c a n  s a f e l y  b e  i g n o r e d  f o r  
t h e s e  v e h i c l e s .  
Upper s t a g e s ,  i n  c o n t r a s t ,  h a v e  h i g h  e x c h a n g e  r a t i o s  w i t h  l o w e r  s t a g e s ,  
a n d  t h e  m u l t i p l i e r  e f f e c t  becomes q u i t e   s i g n i f i c a n t .   C o u p l i n g  a perform- 
a n c e  a n a l y s i s  w i t h  c o s t  t r e n d  d a t a  ( F i g u r e  2 . 2 - 3 )  w i l l  p roduce  the  means 
t o  c o m p u t e  m a r g i n a l  t r a n s p o r t a t i o n  c o s t s  f o r  t h e s e  s t a g e s .  
2 . 3  CONCEPT SELECTION TECHNIQUE 
Need f o r  a n  Economic  Method to  Screen  Concepts  _ _ . _ _ _ _ I . _ _ _  ~- 
Making c h o i c e s  b e t w e e n  a l t e r n a t e s  on a c o s t  b a s i s  i s  n o t  as f a m i l i a r  a 
process   as   making   choices   on   o ther  bases. Most a e r o s p a c e   e n g i n e e r s   a r e  
c o n d i t i o n e d  t o  s e a r c h i n g  o u t  a l t e r n a t e s  t h a t  m a x i m i z e  p e r f o r m a n c e  a n d  
min imize   we igh t .   Of t en ,   t he   goa l   appea r s   t o   be   t he   p romot ion   o f  new 
t e c h n o l o g y  f o r  t h e  s a k e  o f  i t s  newness. 
The l lcos t l l  of items i s  o f t e n  t r e a t e d  as qu i t e  mys te r ious  and  no t  amenab le  
t o  any   r easonab le   ana lys i s .  It is  not  e a s y  t o  p e r f o r m  t o t a l l y  a d e q u a t e  
c o s t  a n a l y s i s ,  e s p e c i a l l y  l o n g  b e f o r e  t h e  f a c t ;  b u t  f o r  a proper  eva lua-  
t i on  o f  any  p rogram,  cos t  mus t  be  the  dec i s ion  too l  u sed  f rom the  s t a r t ,  
because  as each program decis ion is made, t h e r e  is co r re spond ing ly  less 
l a t i t u d e  f o r  mak ing   t he   sys t em  cos t   e f f ec t ive .   Fo r   example ,   t he re  may 
b e  a ques t ion  o f  whe the r  a b o o s t e r  t a n k  w a l l  s h o u l d  b e  s t i f f e n e d  b y  tee 
o r  by w a f f l e - p a t t e r n  s t i f f e n e r s .  A manufac tur ing  trade may show a s i z a b l e  
2 -27 
c o s t  d i f f e r e n c e ,  b u t  a much more impor t an t  cos t  e l emen t  became p a r t  o f  
the program when t h e  b o o s t e r  p r o p e l l a n t s  were picked and when t h e  s t a g i n g  
v e l o c i t y  was set .  F requen t ly ,   t hese   ma jo r   dec i s ions  are made on t h e  b a s i s  
of maximizing performance. 
F i g u r e  2 . 3 - 1  i l l u s t r a t e s  t h e  numerous p o s s i b l e  a l ternate  mis s ion  modes 
f o r  a Mars l a n d e r   m i s s i o n .  Two g o a l s   h a v e   t o   b e   s a t i s f i e d .   F i r s t ,  i t  i s  
d e s i r a b l e  t o  s c r e e n  c o n c e p t s  s o  t h a t  a manageable  number  of t o t a l  m i s s i o n  
modes can   be   compared .   Second,   the   sc reening   process   should   re ta in   those  
mis s ion  modes having least c o s t .  An economic  technique  has   been  developed 
to accompl i sh   t h i s   s c reen ing .  The t e c h n i q u e   i l l u s t r a t e d  starts a t  t h e  t op  
of a v e h i c l e  s t a c k  ( i n  t h i s  case, the  Ea r th  r een t ry  veh ic l e )  and  works  
down so r t ing  ou t  t he  mos t  p romis ing  s t age  concep t s  and  us ing  them f o r  as- 
sessment  of  the  e lements  be low.  
Es tab l i sh ing  Per formance  and  Cos t  Data 
Parametric weight  and  cos t  es t imat ing  methods  are t h e  b a s i c  t o o l s  r e q u i r e d  
f o r   t h e   c o n c e p t   s e l e c t i o n   t e c h n i q u e .  The  accuracy   of   the   concept  selec- 
t i o n  is  obv ious ly   t he   accu racy   o f  t h e s e  b a s i c   t o o l s .  Once a g a i n ,   t h e r e  
i s  a need  fo r  good  cos t  da t a .  
To i l l u s t r a t e :  The c o n c e p t   s e l e c t i o n   t e c h n i q u e  w i l l  b e  a p p l i e d  t o  E a r t h  
e n t r y   v e h i c l e   a l t e r n a t e s .   F i g u r e  2.3-2 t a b u l a t e s   t h e   w e i g h t   d a t a   u s e d  
f o r   t h e   t h r e e   c a n d i d a t e   e n t r y   v e h i c l e   c o n c e p t s .   C o n c e p t  A assumed t h e  
use  of  two s t a n d a r d  A p o l l o  command modules ((34's)  t o  r e t u r n  t h e  s i x - m a n  
crew.  The r e t r o r o c k e t   w e i g h t   r e q u i r e d   t o   s l o w   t h e  C M ' s  t o  t h e i r  c u r r e n t  
e n t r y  v e l o c i t y  c a p a b i l i t y  is a l s o  shown. Concept B assumed two modi f ied  
Apollo C M ' s ,  whe re  the  mod i f i ca t ion  wou ld  be  in  the  gu idance  and  the rma l  
pro tec t ion   sys tems.   Concept  C assumed the  development   of  a new six-man 
v e h i c l e  s u i t e d  t o  t h e  Mars r e t u r n  e n t r y  c o n d i t i o n s .  
The c o s t  d a t a  must  contain  comparable estimates o f  nonrecur r ing ,  r ecu r -  
r i n g ,   a n d   m a r g i n a l   t r a n s p o r t a t i o n   c o s t s .   F i g u r e  2.3-2 shows  such  data  
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Figure 2.3-1 : PLANET LANDING MISSION ELEMENT CONCEPTS 
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Figure 2.3-2: EARTH REENTRY VEHICLE COMPARISON DATA 
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Figure 2.3-3: EARTH  REENTRY VEHICLE CONCEPT SELECTION 
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f o r  t h e  t h r e e  e n t r y  v e h i c l e  c o n c e p t s .  Two e a r l y  estimates of  m a r g i n a l  
t r a n s p o r t a t i o n  c o s t  are shown c o r r e s p o n d i n g  t o  c h e m i c a l  p r o p u l s i o n  b r a k i n g  
and  ae robrak ing  a t  Mars. 
" Anc1.e . . Data . and ~ - S e l e c t  . . . ~~~ Concep t s   fo r  More De ta i l ed   S tudy  
The c o s t  d a t a  shown i n  F i g u r e  2.3-2 r e p r e s e n t  t h a t  p a r t  o f  t h e  t o t a l  
sys t em cos t  o f  a Mars l a n d e r  m i s s i o n  a t t r i b u t a b l e  t o  t h e  E a r t h  e n t r y  ve- 
h i c l e s .  The pr imary  purpose of such a p r e s e n t a t i o n  is t o  show t h e  rela- 
t i o n s h i p  o f  R&D c o s t s  ( c o s t  a x i s  i n t e r c e p t )  a n d  r e c u r r i n g  c o s t s  ( s l o p e  
o f   t h e   l i n e s ) .   N o t e   t h a t   t h e   p r e d o m i n a n t   r e c u r r i n g   c o s t   f o r   t h i s   e l e m e n t  
is d u e  t o  t r a n s p o r t a t i o n .  
The g e n e r a l  c o n c l u s i o n  t h a t  c a n  b e  drawn  from t h e  d a t a  shown i n  F i g u r e  
2.3-3 is t h a t  two m o d i f i e d  A p o l l o  e n t r y  v e h i c l e s  s h o u l d  b e  u s e d  f o r  s u b -  
sequen t  eva lua t ions  because  they  are c o n s i d e r a b l y  more c o s t  e f f e c t i v e  f o r  
t h e  f l i g h t  number  range  expected. 
O t h e r  a p p l i c a t i o n s  o f  t h e  c o n c e p t  s e l e c t i o n  t e c h n i q u e  h a v e  p o i n t e d  t o  n o  
marked s u p e r i o r i t y   b e t w e e n   s e v e r a l   c a n d i d a t e s .   I n   s u c h  cases, a d e c i s i o n  
h a s  t o  b e  made on  wh ich  cand ida te s  to  ca r ry  fo rward ;  bu t  a t  least t h e  d i s -  
p l a y  o f  c o s t  d a t a  h a s  b e e n  m a d e ,  w h i c h  j u s t i f i e s  f u r t h e r  c o n s i d e r a t i o n .  
I t  i s  f e l t  t h a t  t h e  p r o c e d u r e  j u s t  o u t l i n e d  is  b e t t e r  t h a n  p r o c e e d i n g  on 
t h e  b a s i s  o f  i n t u i t i o n  o r  a p p l i c a t i o n  o f  a p e r f o r m a n c e  c r i t e r i o n .  
2.4  SYSTEM/SUBSYSTEM COST OPTIMIZATION TECHNIQUE (SCOT) 
The Cos t-Weieh t Eauation---Three  Problems 
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Figure 2.4-1: SOLVING THE COST-WEIGHT EQUATION 
A m a j o r  d i f f i c u l t y  i n  c o s t - e f f e c t i v e  d e s i g n  is t o  d e t e r m i n e  t h e  p r o p e r  
l eve l  o f  s o p h i s t i c a t i o n  t h a t  s h o u l d  b e  e s t a b l i s h e d  as a des ign   goa l .   Des ign  
s o p h i s t i c a t i o n  c a n  b e  e x p e n s i v e  i n  d o l l a r s ,  f l e x i b i l i t y ,  a n d  r e l i a b i l i t y .  
The a e r o s p a c e  p l a n n e r  n e e d s  t o  know, i n  advance of  hardware program ini-  
t i a t i o n ,  t h a t  t h e  d e c i s i o n s  h e  makes are c o s t  e f f e c t i v e .  When viewed i n  
t h e  t o t a l  s y s t e m  c o n t e x t ,  c o s t - w e i g h t  c o n s i d e r a t i o n s  i n  s p a c e c r a f t  d e s i g n  
can  p resen t  t he  des igne r  w i th  th ree  types  o f  p rob lems .  
Problem 1---The des ign  of  new s p a c e c r a f t  t o  b e  u s e d  w i t h  a new b o o s t e r  
where  subsys t em we igh t s  be ing  t r aded  are t o o  small t o  a f f e c t  b o o s t e r  p e r -  
formance  or  when c a r g o  w e i g h t  c a n  b e  t r a d e d  f o r  s p a c e c r a f t  w e i g h t .  Such 
a sys t em is t y p i f i e d  b y  a n  o r b i t a l  e n t r y  v e h i c l e  f o r  a l o g i s t i c  s y s t e m  
i n  t h e  1 9 8 0 ' s .  
Problem 2---The des ign  o f  new s p a c e c r a f t  t o  b e  u s e d  w i t h  a s p e c i f i e d  
b o o s t e r  h a v i n g  d e f i n i t e  w e i g h t  l i m i t a t i o n s  a n d  u s i n g  e x i s t i n g  o r  new sub- 
systems (e .g .  , Voyager).  
Problem  3---Design  of new s p a c e c r a f t  u s i n g  e x i s t i n g  o r  new subsystems 
fo r  wh ich  a b o o s t e r  may be  chosen  from a number  of a l t e r n a t e s .  Communi- 
c a t i o n  s a t e l l i t e s  are examples. 
A technique  growing  out  of  the  margina l  u t i l i ty  concept  of  economics  has  
been  developed a t  Boeing-- - the  sys tem/subsys tem cos t  op t imiza t ion  technique  
(SCOT). It p r o v i d e s   a n   e n g i n e e r i n g   a p p r o a c h   t o   s o l v i n g  a l l  th ree   p roblems.  
E s t a b l i s h i n g  Economic A l t e r n a t i v e s  
The b a s i s  o f  SCOT is a s e t  o f  cos t -we igh t  p lo t s  showing  the  t r end  o f  des ign  
a l t e r n a t e  c o s t s  w i t h  v a r y i n g  w e i g h t .  It is i m p o r t a n t  t h a t  o n l y  w e i g h t  b e  
t r a d e d  f o r  c o s t .  Each   cand ida te   pa r t ,   subsys t em,   o r   sys t em  mus t   have  a 
common f u n c t i o n ,  e q u a l  r e l i a b i l i t y ,  a n d  e q u a l  l i f e .  
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The c o s t  p l o t t e d  f o r  e a c h  c a n d i d a t e  i s  t o t a l  c o s t  a n d  m u s t  i n c l u d e  d e -  
velopment , r e c u r r i n g ,   a n d   o p e r a t i o n s   c o s t s .   F u r t h e r m o r e ,   t h e   c o s t   f o r  
a n y  s u b s y s t e m  m u s t  i n c l u d e  t h e  c o s t  o f  i n t e g r a t i n g  t h a t  s u b s y s t e m  i n t o  t h e  
sys tem s o  t h a t  t o t a l  s y s t e m  c o s t s  c a n  b e  f o u n d  by  summing subsys t em cos t s .  
When d e s i g n  c a n d i d a t e s  are a r r a n g e d  t o  a r r i v e  a t  a d e c i s i o n  i n  a p a r t i c u -  
l a r  subsystem area, i t  is necessa ry  to  add  inc remen ta l  cos t s  and  we igh t s  
t h a t  a p p e a r  i n  o t h e r  s u b s y s t e m s  b e c a u s e  o f  a p a r t i c u l a r  d e s i g n  s o l u t i o n .  
F igure  2.4-2  d e p i c t s  a s e t  of  candida te  subsys tems on  a cos t -we igh t  p lo t .  
The p o i n t s   p l o t t e d  are d i s c r e t e   d e s i g n   s o l u t i o n s .  I t  i s  a l s o  p o s s i b l e  t o  
have a con t inuous  r e l a t ionsh ip  be tween  cos t  and  we igh t  of a cand ida te  
p a r t   o r   s u b s y s t e m .  An example i s  a p r e s s u r e   v e s s e l   w h e r e  a material  i s  
chosen   add   des ign   soph i s t i ca t ion  i s  v a r i e d .  A heavy,   bu t   low  cos t ,   des ign  
might   use   the   as -welded   proper t ies  o f  t h e  mater ia l .  Cost  would  be  added, 
and weight  removed,  by also consider ing a d e s i g n  t h a t  l e f t  w e l d  l a n d s  b u t  
machined-out material  where   poss ib l e ,   t o   t ake   advan tage  of  t h e  b a s e  metal 
p r o p e r t i e s .  T h e  backup  document  presen:s  ach  an  example  (Section  3.4).  
Choosing Optimum A l t e r n a t i v e s  by Balancing Cost Margins 
I t  has   been   r ecogn ized   (Refe rence   4 )   t ha t   t he   u se  of a cost-weight  merit 
f u n c t i o n ,  e q u i v a l e n t  i n  s p a c e  s y s t e m s  t o  m a r g i n a l  t r a n s p o r t a t i o n  ( b o o s t )  
c o s t  i n  $ / l b ,  when a p p l i e d  t o  a c o s t - w e i g h t  p l o t ,  s u c h  as F igure  2 . 4 - 3 ,  
i d e n t i f i e s  t h e  m o s t  c o s t - e f f e c t i v e  s u b s y s t e m  c a n d i d a t e  f o r  t h a t  b o o s t  
c o s t .   S t a t e d   i n   e c o n o m i c  terms, t h i s  i s  t h e   p r o c e s s  of  e q u a t i n g   t h e  
marg ina l  cos t  o f  we igh t  r emova l  t o  the  marg ina l  cos t  o f  boos t ing  we igh t .  
In   Figure  2 .4-3,  a b o o s t  c o s t  o f  $ 3 0 0 / l b  is shown,  with  Candidate E be ing  
c h o s e n .   I f   b o o s t   c o s t  were t o   i n c r e a s e   s m o o t h l y ,   C a n d i d a t e  C would  be 
chosen   nex t ,   w i th   Cand ida te  A chosen l as t .  S i m i l a r l y ,   i f   b o o s t   c o s t  were 
t o  d e c r e a s e ,  C a n d i d a t e s  F and G would   be   chosen   sequent ia l ly .   In   no  case 
would Candidates B and D be chosen.  
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By p e r f o r m i n g  t h i s  o p e r a t i o n  w i t h  b o o s t  c o s t  as a f r e e  v a r i a b l e ,  t h e  optimum 
subsys tem can  be  chosen  commensura te  wi th  the  des i red  sys tem objec t ive .  
Problem 1 is s o l v e d  d i r e c t l y  b y  a p p l y i n g  t h i s  t e c h n i q u e  t o  sets of sub- 
sys tem candida tes  and  by u s i n g  t h e  m a r g i n a l  t r a n s p o r t a t i o n  c o s t  o f  a 
b o o s t e r  as d e r i v e d  i n  F i g u r e  2.2-2. 
D i s t r i b u t i n v  W e i g h t s  W i t h i n  a Fixed Weight Vehicle 
The s e c o n d  p r o b l e m  p o s e d  i n  t h i s  s e c t i o n  w a s  t h e  c o s t  e f f e c t i v e  d e s i g n  o f  
a new s p a c e c r a f t  h a v i n g  a s p e c i f i e d  t o t a l  w e i g h t .  P r o b l e m  2 is e s s e n t i a l l y  
o n e  o f  d i s t r i b u t i n g  w e i g h t s  among subsystems s o  t h a t  t o t a l  c o s t  is mini-  
mized  and a s p e c i f i e d  t o t a l  w e i g h t  i s  r e a l i z e d .  To a c c o m p l i s h   t h i s   e n d ,  
m a r g i n a l  c o s t  is var ied  smooth ly  f rom low t o  h i g h  v a l u e s  w i t h  n o t e  t a k e n  
o f   t h o s e   m a r g i n a l   c o s t s  a t  which  subsystem  weight  changes  occur.   The re- 
s u l t a n t  r e l a t i o n s h i p  o f  w e i g h t  t o  m a r g i n a l  c o s t  is p l o t t e d .  T h i s  c u r v e  is 
t h e n  e n t e r e d  a t  t h e  b o o s t e r  p a y l o a d  limit, a n d  a n  e f f e c t i v e  c o s t  m a r g i n  is 
de te rmined .   Th i s   marg ina l   cos t   can   t hen   be   u sed   t o   syn thes i ze  a sys tem 
having  minimum cos t  and  opt imum weight  a l loca t ion  a t  t h e  s p e c i f i e d  p a y l o a d  
limit. 
F o r  e x a m p l e ,  t h e  i n i t i a l  c o n f i g u r a t i o n  o f  a s p a c e c r a f t  u s i n g  o f f - t h e -  
she l f  subsys t ems  shows i t  t o  b e  20% overweight  on a b o o s t e r  w i t h  a 585- 
pound   pay load   capab i l i t y .   Subcon t rac to r s  are r e q u e s t e d   t o  estimate c o s t s  
i f  s u b s y s t e m  w e i g h t s  are t o  b e  r e d u c e d  b y  20 and 40%. The cos t  and  we igh t  
d a t a  t h e n  e s t a b l i s h e d  are shown i n  t h e  t a b l e  b e l o w .  The  columns  labeled 
"margina l  cos t"  are the  cos ts  of  making  subsys tem weight  reduct ions  and  
are gene ra t ed  by d i v i d i n g  s u b s y s t e m  c o s t  i n c r e a s e s  by the  co r re spond ing  
we igh t  r educ t ions .  
2 -37 
Subsystem  Subsystem  Marginal  Cost 
Weigh t   ( l b )   Cos t s   ($106 /un i t>   ($ / lb )  
Reduct ion  Reduct ion Reduct ion
Subsys tem  Base l ine  20% 0% B a s e l i n e  20% 40% - 20%  4  % 
Mission 
Equipment 2 10 1 6 8  126 2 . 2 0   3 . 0 0   7 . 4 0  19,000 1 0 4 , 8 0 0  
Power 1 1 2   9 0   6 8   1 . 6 4   2 . 1 0   3 . 7 4   2 0 , 9 0 0   7 4 , 5 0 0  
Communication 100 80   60   0 .96   2 .24   4 .16   64 ,000 96 ,000  
A t t i t u d e  
Cont ro  1 70  56 42   2 .82   4 .40   9 .00   112,900 328,600 
Propu l s ion  75  60 45   0 .90   1 .16   1 .62   17 ,30030 7  
S t r u c t u r e  - 1 6 7   1 3 3  100 0.56 
Tota l  Sys tem 734   587  4 4 1   9 . 0 8   1 3 52 6 . 7 6  
" " 0 .68   0 . 4   3 ,500   , 800  
A 20% weigh t  r educ t ion  ac ross  the  subsys t ems  p roduces  a s y s t e m  t h a t  meets 
b o o s t e r  p a y l o a d  w e i g h t  l i m i t a t i o n s  w i t h  a cos t  o f  $ 1 3 . 5 8  x 10 6 per  space-  
c r a f t .  A p p l i c a t i o n  of SCOT b e g i n s   w i t h  a se t  o f   cos t -we igh t   p lo t s   fo r   sub -  
sys t em  cand ida te s   (F igu re  2 . 4 - 4 ) .  N e x t ,   s u b s y s t e m   s e l e c t i o n  is made f o r  
margina l   cos t s   f rom  $3500/ lb   to   $?30 ,00O/ lb .  The r e s u l t i n g   p l o t  of system 
weight  as a f u n c t i o n   o f   m a r g i n a l   c o s t  is  shown i n   F i g u r e  2 . 4 - 5 .  E n t e r i n g  
t h i s  c u r v e  w i t h  a 585-1b payload l i m i t  i d e n t i f i e s  a n  e f f e c t i v e  c o s t  m a r g i n  
of $ 3 0 , 6 6 0 / 1 b .  Thus ,   any   weight   reduct ion   tha t   can   be   accompl ished   for  less 
c o s t  is p r o f i t a b l e .  
The t a b l e  i n d i c a t e s  t h a t  t h e  m i s s i o n  e q u i p m e n t  a n d  power  subsystems  should 
be reduced in  weight  by 2 0 % ,  communica t ions  and  a t t i t ude  con t ro l  shou ld  no t  
b e  c h a n g e d ,  a n d  p r o p u l s i o n  a n d  s t r u c t u r e  s h o u l d  b e  r e d u c e d  4 0 % ,  producing 
a system weight  of 573 pounds  and a s y s t e m  u n i t  c o s t  o f  $11 .3  x l o6 .  
Compared t o  t h e  c o s t  r e s u l t i n g  f r o m  a g e n e r a l  w e i g h t  r e d u c t i o n  of 20%, 
t h e  SCOT method  produces a c o s t  s a v i n g  o f  $ 2 . 3  x l o 6  p e r  u n i t ,  o r  20% of 
the  p rogram cos t .  
C'noosing t h e  Best Launch Veh ic l e  
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Figure 2.4-5: WEIGHT ALLOCATION OPTIMIZATION 
The th i rd  p rob lem posed  w a s  des ign  o f  a new s p a c e c r a f t  f o r  w h i c h  a b o o s t e r  
may be  chosen  f rom a number o f  alternates. T h e . a p p r o a c h  j u s t  d i s c u s s e d  
fo r   P rob lem 2 a l s o  f o r m s  t h e  i n i t i a l  s t e p s  f o r  s o l v i n g  P r o b l e m  3.  The 
d a t a  p r e v i o u s l y  g e n e r a t e d  c a n  b e  u s e d  t o  c o n s t r u c t  a c u r v e  s h o w i n g  t o t a l  
s p a c e c r a f t  c o s t  as a f u n c t i o n  o f  t o t a l  w e i g h t .  C o s t  d a t a  c a n  b e  shown 
o n  t h e  same c u r v e  f o r  b o o s t e r s  w i t h  a p a y l o a d  c a p a b i l i t y  t h a t  s p a n s  t h e  
w e i g h t   r a n g e   f o r   t h e   s p a c e c r a f t   s y s t e m .  A t o t a l  c o s t  c u r v e  is g e n e r a t e d  
by   add ing   spacec ra f t   and   boos t e r   cos t s .  The minimum t o t a l  c o s t  i s  t h e n  
u s e d  t o  c h o o s e  t h e  b o o s t e r ,  t o  d e f i n e  s p a c e c r a f t  w e i g h t ,  a n d  t o  i d e n t i f y  
s p a c e c r a f t   c o s t .   F i n a l l y ,   t h e   p l o t   o f   s p a c e c r a f t   w e i g h t   a g a i n s t   m a r g i n a l  
cos t   (F igure   2 .4-5)  is  u s e d  t o  i d e n t i f y  t h e  e f f e c t i v e  c o s t  m a r g i n  t h a t  
provides  an index from which to  choose opt imum subsystem candidates .  
The same d a t a  u s e d  t o  c o n s t r u c t  F i g u r e  2.4-5 c a n  b e  e x t e n d e d  t o  p l o t  t h e  
s p a c e c r a f t  c o s t  c u r v e  shown i n  F i g u r e  2 . 4 - 6 ,  i f  b o t h  s p a c e c r a f t  c o s t  a n d  
w e i g h t   a r e   i d e n t i f i e d   f o r   e a c h   v a l u e  of m a r g i n a l   c o s t .  The choice   o f  a 
b o o s t e r  u s i n g  minimum program cost  produces a t o t a l  h a r d w a r e  c o s t  o f  
$14.8  x LO6 a t  a spacec ra f t   we igh t   o f  740 pounds. By compar i son   w i th   t he  
p rev ious  573-pound d e s i g n  p o i n t ,  t h i s  r e p r e s e n t s  a f u r t h e r  c o s t  s a v i n g  
o f  $0.8 x lo6 .  The r e s u l t i n g   s p a c e c r a f t   w e i g h t  i s  used i n  F i g u r e  2.4-5 
t o  i d e n t i f y  t h e  e f f e c t i v e  c o s t  m a r g i n  ( $ 3 5 0 0 / l b ) ,  w h i c h  is t h e n  a p p l i e d  
t o   F i g u r e  2.4-4 t o  s e l e c t  op t imum  subsys tems.   In   th i s  case, t h e  minimum 
cost system is  one  in  wh ich  the re  a re  no  we igh t  r educ t ions  (o f f - the - she l f  
subsys t ems) .  
Resea rch  Impl i ca t ions  o f  SCOT 
The SCOT ;technique i r n p f i u  t h a t  p a t  Eanth-ahbikal  hatchatre h a  been aweh- 
nopkin;ticated, and Lt h a6;ten cheape-4 t o  phawide a l a h g u  baaaten. t h a n  
a fighXeh-W&igh;t apacecha,j;t. 
A p p l i c a t i o n  of SCOT t o  a number  of  problems emphas izes  the  grea t  d i f fe r -  
ences   between  performance-opt imized  and  cost-opt imized  designs.  It h a s  
been shown t h a t  t h e  m a r g i n a l  c o s t  o f  r e m o v i n g  w e i g h t  f r o m  a t y p i c a l  small 
s p a c e c r a f t  c a n  b e  o n e  t o  t h r e e  o r d e r s  o f  m a g n i t u d e  g r e a t e r  t h a n  t h e  m a r g i -  
n a l  c o s t  of t r a n s p o r t a t i o n  w i t h  w h i c h  t h e y  s h o u l d  be matched f o r  cast  
e f f e c t i v e  d e s i g n .  
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F u r t h e r ,  a d e l i b e r a t e ,  f a c t - b a s e d  a p p r o a c h  t o  w e i g h t  a l l o c a t i o n  is 
r e q u i r e d  when t h e  b a s i s  f o r  a l l o c a t i o n  is economics. 
SCOT shows t h a t  i m p o r t a n t  c o s t  s a v i n g s  c a n  o n l y  b e  r e a l i z e d  i f  c o s t s  are 
c o n s i d e r e d  e a r l y  i n  a e r o s p a c e  p r o g r a m s .  A s  each  major   program  decis ion 
becomes f i x e d ,   t h e r e  is less l a t i t u d e  t o  save cos ts .   Problem 2 showed 
t h a t  c e r t a i n  s a v i n g s  c o u l d  b e  made w i t h i n  t h e  w e i g h t  l i m i t  of  a c e r t a i n  
boos te r .   Problem 3 showed t h a t  t h e  t o t a l  p r o g r a m  c o s t  w o u l d  b e  less 
i f  a l a r g e r  b o o s t e r  c o u l d  b e  u s e d .  The USAF P r i m e  e n t r y  v e h i c l e  p r o g r a m  
is an  example  of  the  workabi l i ty  and  success  o f  t h e  " l a r g e  b o o s t e r ' '  
r a the r  t han  the  " l igh t  spacec ra f t "  p rogram approach .  
The h i g h e r  m a r g i n a l  c o s t  o f  s u b s y s t e m s  o t h e r  t h a n  s t r u c t u r e  p o i n t s  o u t  
t h e  n e e d  f o r  u n d e r s t a n d i n g  t h e i r  s t r u c t u r a l  p r o b l e m s  ( l o a d  c a r r y i n g ,  
mode of  f a i l u r e ,  m a t e r i a l  s e l e c t i o n ) .  
2 . 5  CONFIGURATION BY ECONOMIC ANALYSIS 
Cost  Saving  Through  Reuse 
A t y p i c a l  s p a c e  t r a n s p o r t  s y s t e m  c o n s i s t s  o f  many functions  and  components 
t h a t  v a r y  i n  e c o n o m i c  v a l u e  a n d  i n  t h e  time they  are r e q u i r e d  ( F i g u r e  
2 .5-1) .   Conf igura t ion   by   economic   ana lys i s  (CBEA) is a decision-making 
t echn ique  fo r  l aunch  veh ic l e  des ign  in  wh ich  an  economic  dec i s ion  is 
made t o  s t a g e  o r  r e t a i n  c o m p o n e n t s ,  a n d  t h e n  t o  r e c o v e r  o r  e x p e n d  t h e m  i f  
s t a g e d .  The  method  compares t h e   n e t   v a l u e   o f  a r ecove red  component w i t h  
t h e  v a l u e  o f  a new one.   The  net   value i s  computed  by c h a r g i n g  a g a i n s t  
t h e  o r i g i n a l  component c o s t :  
1) C o s t   o f   a n y   a c c e l e r a t i o n   n o t   i m p l i c i t   i n   t h e  component f u n c t i o n ,   e . g . ,  
f i r s t - s t a g e  g u i d a n c e  c a r r i e d  w i t h  t h e  s e c o n d  s t a g e ;  
2 )   Cos t   o f   r ecove ry   dev ice   t o   r e tu rn   componen t ;  
3)  Cos t   o f   acce l e ra t ing   r ecove ry   dev ice   t o   s t ag ing   po in t   o f   componen t ;  
4 )  Cost to r e f u r b i s h  component t o  a leve l  c o m p a r a b l e   t o   t h a t   o f  new 
component. 
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I f  t h e  n e t  v a l u e  i s  p o s i t i v e ,  r e c o v e r y  is economical;  i f  n e g a t i v e ,  i t  is 
uneconomical. 
Un ique  l aunch  veh ic l e  conf igu ra t ions  r e s u l t  f r o m  a p p l i c a t i o n  o f  t h i s  
economic  cr i ter ion.   High-value  components   should.   be   grouped  together   to  
f a c i l i t a t e  r e c o v e r y ,  a n d  c h e a p e r  components should be staged as t h e i r  
func t ion  ends .  
Cost  of  Expended  Hardware 
The t a t d  heCWLhing cant ad a n  d e m  a6 expended launch veh ic le  equipment 
h the  mahgind con;t 06 t/ranhpatl;ting t h e  equipment p& t h e  c o a t  0 6  buying 
t h e  equipment. 
Figure  2 .5-2  shows the  to ta l  recur r ing  equipment - to-orb i t  (or  payload)  
cos t   ve r sus   equ ipmen t   (o r   pay load)   un i t   cos t .  The t o t a l   r e c u r r i n g   c o s t  
is a 4 5 - d e g r e e  s l o p e  l i n e  s t a r t i n g  a t  t h e  v a l u e  of m a r g i n a l  t r a n s p o r t a t i o n  
c o s t   a p p r o p r i a t e   t o   t h e   p a r t i c u l a r   b o o s t e r .   M a r g i n a l   t r a n s p o r t a t i o n   c o s t  
i s  t h e  c o s t  o f  c h a n g i n g  t h e  t o t a l  l a u n c h  v e h i c l e  i n e r t  w e i g h t  ( i n  o r b i t )  
by 1 pound.  There i s  a f u r t h e r   d i s c u s s i o n  o f   m a r g i n a l   t r a n s p o r t a t i o n  
cos t  i n  Sec t ion  2 .2  and  a g r a p h i c  r e p r e s e n t a t i o n  on Figure  2.2-2. 
Cost of Recovered  Hardware 
The t a t &  hecuhhing cobt ad un a e m  ad hecovehed launch v e k i d e  equipment 
h t h e  bum 04 t h e  marrgind cant 06 & w p o h t i n g  ,the equipment, t h e  cont 
ad t h e  hecavehy device ;to h d u m  f i e  d e m ,  t h e  mahgind cant 06 &m- 
pahting t h e  hecavetry device,  and that  pant ion 06 t h e  equipment C O h t  t h a t  
nee& t o  be phahded againht each Ue.  
Figure   2 .5-3   shows  to ta l   recur r ing   equipment - to-orb i t   (o r   payload)   cos t  
ve r sus   equ ipmen t   (o r   pay load)   un i t   cos t ,  when the  equipment  is recovered  
and  reused a number of  times. I n  t h i s  c a s e ,  t h e  s l o p e d  l i n e  o f  t o t a l  c o s t  
starts from a v e r t i c a l  a x i s  i n t e r c e p t  w h i c h  a c c o u n t s  f o r  b o t h  t h e  m a r g i n a l  
c o s t  of t r a n s p o r t i n g  t h e  e q u i p m e n t  a n d  r e c o v e r y  v e h i c l e  t o  o r b i t ,  a n d  t h e  
c o s t  of t h e  r e c o v e r y  v e h i c l e  i t s e l f .  
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The t o t a l  c o s t  is s e e n  t o  v a r y  w i t h  t h e  number  of e f f e c t i v e  u s e s  o f  t h e  
equipment.  The c o n c e p t   o f   e f f e c t i v e   u s e s  is  developed as t h e   n e x t   t o p i c .  
For .  t h e  case o f  o n e  u s e ,  t h e  t o t a l  c o s t  l i n e  h a s  a 45-degree  s lope  j u s t  
as in  the  expended  ha rdware  case, and  the  r ecove ry  veh ic l e  i nves tmen t  is 
l o s t .  For a l a r g e  n u m b e r   o f   u s e s ,   t h e   t o t a l   c o s t   l i n e   h a s  a s h a l l o w   s l o p e  
and t o t a l  c o s t  c a n  b e  a small f r a c t i o n  of t h e  u n i t  e q u i p m e n t  c o s t .  
Backup documentation (D2-114116-2) f o r  t h i s  s e c t i o n  c o n t a i n s  two sample  
cu rves   r equ i r ed   fo r   t he   gene ra t ion   o f   F igu re   2 .5 -3 .   These  two c u r v e s   a r e  
recovery system weight  and cost  as f u n c t i o n s  o f  v e l o c i t y .  
"Effective  Reuse' '   Concept 
E f f e c t i v e  uses  , N e ,  is de f ined  by 
where: N = Actua l  f 
: N e = -  1 + Nm 
N 
l i g h t  r e u s e s  
m =  Ma in tenance   cos t   pe r   f l i gh t  I n i t i a l  c o s t  
The above equat ion is p l o t t e d  i n  F i g u r e  2 . 5 - 4  f o r  v a r i o u s  v a l u e s  of  m. 
N o t e  t h a t  t h e  l i n e s  f o r  a given value of  m are a s y m p t o t i c  t o  Ne e q u a l  t o  
l / m .  For m = 0 . 0 2 ,  t h e  maximum v a l u e  f o r  Ne is 50 e f f e c t i v e  reuses. 
Furthermore,  i t  t a k e s  100 a c t u a l  f l i g h t s  t o  r e a c h  a va lue  of  33 e f f e c t i v e  
r e u s e s  f o r  t h e  same 2% maintenance. 
S tudies  have  shown t h a t  e n t r y  v e h i c l e  m a i n t e n a n c e  c o s t s  are between 10 and 
20% of i n i t i a l  e n t r y  v e h i c l e  c o s t .  T h e s e  v a l u e s  t h e n  i m p l y  a maximum v a l u e  
between 5 and 10 " e f f e c t i v e  r e u s e s " .  
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Existence  of  Cost  Break-Even 
F igure  2.5-5  combines the  expended  and  recovered  equipment   cases   and 
depicts   the  equipment   cost   above  which  recovery is  economical.  The c a s e  
shown is  f o r  o r b i t a l  v e l o c i t y ,  a n d  a more g e n e r a l  t r e a t m e n t  of v e l o c i t y  
w i l l  be   developed.  It s h o u l d   b e   n o t e d   t h a t  as long  as Ne i s  g r e a t e r   t h a n  
1, t h e  l i n e s  w i l l  a l w a y s   c r o s s   a t  some va lue   o f   equipment   cos t .   This  
occurs  because any Ne g r e a t e r  t h a n  1 i m p l i e s  a t o t a l  c o s t  l i n e  h a v i n g  a 
s h a l l o w e r  s l o p e  t h a n  45 degrees .  
E f f e c t  of V e l o c i t y  on  Break-Even  Equipment  Cost 
Fami l i e s  o f  expendab le  and  r eused  equ ipmen t  cos t  l i nes  a re  shown i n  
Figure  2 .5-6.   The  l ines  shown are f o r  v e l o c i t i e s  f r o m  z e r o  t o  o r b i t a l  
s p e e d .   T h e   o r b i t a l   v e l o c i t y   b r e a k e v e n   p o i n t   h a s   a l r e a d y   b e e n   d i s c u s s e d .  
S i m i l a r  b r e a k e v e n  p o i n t s  e x i s t  f o r  l o w e r  v e l o c i t i e s  a n d  are i n d i c a t e d  on 
t h e   f i g u r e .   T h e s e  l a t t e r  i n t e r s e c t i o n s   r e p r e s e n t   h e   e q u i p m e n t   c o s t s  a t  
which i t  is  o p t i o n a l  t o  r e c o v e r  o r  e x p e n d  a t  s u b o r b i t a l  v e l o c i t i e s .  
Another set  o f  p o i n t s  is gene ra t ed  by t h e  i n t e r s e c t i o n s  o f  t h e  o r b i t a l  
v e l o c i t y  r e u s a b l e  l i n e  a n d  t h e  s u b o r b i t a l  e x p e n d a b l e  e q u i p m e n t  c o s t  l i n e s .  
T h e s e  i n t e r s e c t i o n s  are the  equ ipmen t  cos t s  a t  which i t  i s  o p t i o n a l  t o  
c a r r y  t h e  e q u i p m e n t  t o  o r b i t  f r o m  t h e  v e l o c i t y  n o t e d  ( a n d  r e c o v e r  i t ) ,  
o r  t o  expend i t  a t  t h e  v e l o c i t y  i n  q u e s t i o n .  
Cons t ruc t ion  of F i g u r e  2.5-6 r e q u i r e s  c o n s i d e r a t i o n  o f  t h e  v a r i a t i o n  i n  
t r a n s p o r t a t i o n  c o s t  w i t h  v e l o c i t y .  
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Econo-mi-c B a s i s  for  Recovery Decis ion 
A p1o.t 06 equipment conX an a @mtion 06 v e l o c i t y   p o v i d a  a map by wk ich  
,the d e c d i o n  Xu hecoveh equipment can be made. 
Figure 2.5-7 shows the equipment  breakeven cost-veloci ty  re la t ionship 
d e r i v e d  i n  t h e  p r e v i o u s  t o p i c .  The expend-recover   dec is ion   curve   has  a 
lower  pa r t  ove r  wh ich  the  equ ipmen t  b reakeven  cos t  i nc reases  f rom ze ro  
t o  t h e  o r b i t a l  v e l o c i t y  v a l u e .  The top   o f   t he   dec i s ion   cu rve  is t h e  l o c u s  
o f  p o i n t s  r e p r e s e n t i n g  c a r r y i n g  e q u i p m e n t  t o  o r b i t  a n d  t h e n  r e c o v e r i n g  i t .  
Note   tha t   equipment   cos t  is t h e   o r d i n a t e  of  Figure  2.5-7.   This  cost  is  
t h e  t o t a l  c o s t  of a p i e c e  o f  e q u i p m e n t  i n c l u d i n g  p u r c h a s e ,  i n s t a l l a t i o n ,  
and  checkout.  Such c o s t s   r e q u i r e   t h e   a l l o c a t i o n   o f  what are f r e q u e n t l y  
t e rmed   "nond i s t r ibu tab le"   cos t s   t o   t he   subsys t em  l eve l .   Fo r   equ ipmen t  
cos ts  be low the  lower  branch  of  the  dec is ion  curve ,  the  equipment  should  
be  expended when i t s  f u n c t i o n  is completed.   For   equipment   cost   between 
t h e  two curves ,  equipment  should  be  recovered  f rom the  ve loc i ty  a t  which 
i t s  funct ion  ceases .   For   equipment   cost   above  the two curves ,   recovery  
is even more economical and may b e  d e f e r r e d  u n t i l  r e a c h i n g  o r b i t a l  v e -  
l o c i t y .  
A decis ion   curve ,   such   as   F igure   2 .5-7 ,  is a f u n c t i o n  of marg ina l  t r ans -  
p o r t a t i o n  c o s t  v e r s u s  v e l o c i t y ,  number  of  equipment  and  recovery  vehicle 
r e u s e s ,  r e c o v e r y  v e h i c l e  c o s t ,  a n d  t h e  r a t i o  o f  r e c o v e r y  s y s t e m  w e i g h t  
t o  r ecove red  we igh t .  
Res-earch  Impl ica t ions  for  Recoverable  Boos ters  
The u e  06 known c a n t ,  weighX, and maintenance data i n  d o m i n g  a h e c o v e q  
d e c i n i o n  map, togeAheh  wL th  the  c m e n t  Level 06  equipment C o b f i ,  nhown 
thuX d u l l y  hecovehabee boonteM m e  n o t  e w n o m i c d y  j u ; t i 6 i e d ,  b u t  t h a t  
booatenn nhouRd be condigwred no t h a t  elect tonicn and Xwrbomachineq can 
be hecouwed and heued.  
Cost  dec is ion  curves  are shown i n  F i g u r e  2.5-8 f o r  f o u r  v a l u e s  of recovery  
v e h i c l e  e f f e c t i v e  r e u s e s .  The o the r   a s sumpt ions  are no ted  on t h e  f i g u r e .  
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The equipment  cos t  a t  w h i c h  o r b i t a l  r e c o v e r y  is  economical   drops  f rom 
$1000/lb t o   $ 2 5 0 / l b  as r e c o v e r y   v e h i c l e   u s e s  rise from 1 t o  10. A l a r g e r  
number o f  e f f e c t i v e  u s e s  h a s  a small e f f e c t  on equipment   cost .  A t  a 
s t a g i n g  v e l o c i t y  of 8000 f t / s e c ,  r e c o v e r y  i s  economical   for   equipment  
(hardware)   having a c o s t  as low as $ 2 5 / l b ,  i f  10 r e c o v e r y  v e h i c l e  u s e s  
can be assumed. 
Recove ry  veh ic l e  r euse  i s  s e e n  t o  b e  a p o w e r f u l  f a c t o r  i n  d e t e r m i n i n g  
the   economica l   reuse   o f   l aunch   vehic le   equipment   and   payload .   Main tenance  
c o s t s  p e r  f l i g h t  of 10 t o  20% o f  r e c o v e r y  v e h i c l e  c o s t  a p p e a r  t o  b e  
rea l i s t ic ,  a t  l ea s t  f o r  a f i r s t - g e n e r a t i o n   s y s t e m .   T h e r m a l   p r o t e c t i o n  
sys t em re fu rb i shmen t  s tud ie s  shou ld  con t inue  and  be  b roadened  f rom the  
per -square- foot   ca tegory .  The ma in tenance   cos t   o f   t he   en t i r e   r ecove ry  
v e h i c l e  must  be  examined  wi th  spec ia l  emphas is  on  the  inspec t ion  of 
s u b s t r u c t u r e  a n d  t h e  r e q u a l i f i c a t i o n  n e c e s s a r y  b e f o r e  r e u s e .  
R e s e a r c h  e f f o r t s  s h o u l d  a l s o  b e  d i r e c t e d  a t  t h e  c o n f i g u r a t i o n  a n d  p a c k -  
a g i n g  of  expensive launch vehicle  components  so t h a t  t h e y  c a n  b e  r e c o v e r e d  
a n d  r e u s e d  w i t h o u t  e x t e n s i v e  r e t e s t i n g .  
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3.0 STRUCTURES AND  MATERIALS STUDIES 
I n  t h i s  s e c t i o n ,  t h e  m e t h o d s  o f  e c o n o m i c  a n a l y s i s  o u t l i n e d  i n  S e c t i o n  2.0 
are appl ied.   Four   examples  were s e l e c t e d  f o r  t h i s  summary  document: 
t h e r m a l  p r o t e c t i o n  s y s t e m s ,  material  t r ades ,  c ryogen ic  con ta inmen t  con- 
cep t s - - - luna r ,  and  p res su re - f ed  l aunch  veh ic l e  s t age  ma te r i a l s .  
These   fou r   t op ic s  were s e l e c t e d   b e c a u s e   d a t a  were a v a i l a b l e .  The f i r s t ,  
t h i rd ,  and  fou r th  examples  w i l l  u s e  t h e  SCOT p l o t  t o  show the  cos t -weight  
b a l a n c e .  The second   example ,   ma te r i a l   t r ades ,   i n t roduces   cos t   i n to  
m a t e r i a l  e f f i c i e n c y  c o n s i d e r a t i o n s .  
3.1 THERMAL PROTECTION  SYSTEMS 
E x i s t e n c e  o f  T rades  
Much work  has  been  done on  manned e n t r y  s p a c e c r a f t  t h e r m a l  p r o t e c t i o n  
sys t ems  f rom the  s t andpo in t  of s o l v i n g  t h e  e x t r e m e l y  d i f f i c u l t  t e c h n i c a l  
problems  brought  about by the   envi ronment .  The s u c c e s s  o f  Mercury, 
Gemini, Asset, and P r i m e  i n  e n t e r i n g  f r o m ,  o r  n e a r ,  low E a r t h - o r b i t  e n t r y  
ve loc i ty ,  and  Apo l lo  4 i n  e n t e r i n g  f r o m  l u n a r  r e t u r n  s p e e d ,  s h o w s  t h e  
i n d u s t r y  c a p a b i l i t y  i n  t h e r m a l  p r o t e c t i o n .  
Gemini  and  Mercury  had  hybr id  thermal  pro tec t ion  sys tems,  bo th  ab la t ion  
a n d  r a d i a t i o n  s t r u c t u r e ,  w h e r e a s  Asset had  both  meta l l ic  and  ceramic  
r a d i a t i o n  s t r u c t u r e .  The  Apollo command module  and t h e  P r i m e  v e h i c l e  
are c o v e r e d   e x c l u s i v e l y   w i t h   a b l a t i o n   m a t e r i a l .  It i s  e v i d e n t   t h a t  
t e c h n i c a l  c o n s i d e r a t i o n s ,  w h i c h  h a v e  c o n t r o l l e d  t h e  d e s i g n  o f  t h e r m a l  p r o -  
t e c t i o n  s y s t e m s  t o  d a t e ,  l e a d  t o  t r a d e - o f f s  b e t w e e n  v a r i o u s  c o n c e p t e .  
To d a t e ,  c o s t  h a s  b e e n  a weak f a c t o r  i n  t h e r m a l  p r o t e c t i o n  s y s t e m  d e s i g n  
compared t o  a j u s t i f i e d  c o n c e r n  f o r  r e l i a b i l i t y  a n d  s a f e t y .  A s  e n t r y  
t echno logy  and  mis s ion  t r a f f i c  advances ,  cos t  w i l l  become i n c r e a s i n g l y  
i m p o r t a n t .   E n t r y   v e h i c l e   d e v e l o p m e n t ,   r e c u r r i n g ,   a n d   r e f u r b i s h m e n t   c o s t s  
must b e  w e l l  u n d e r s t o o d  a n d  t h e  c o s t - w e i g h t  b a l a n c e  e s t a b l i s h e d  f o r  t h e i r  
s t r u c t u r a l  s y s t e m s .  
S t ruc tu ra l   Concep t s   Cons ide red  
F i g u r e  3 . 1 - 1  i l l u s t r a t e s  t h e  t h r e e  t h e r m a l  p r o t e c t i o n  s y s t e m  c o n c e p t s  
s t u d i e d .   N o t e   t h a t   t h e   b a c k w a l l   t e m p e r a t u r e  was h e l d  t o  200°F. 
The r a d i a t i o n  c o n c e p t  shown is  similar t o  t h a t  d e v e l o p e d  f o r  t h e  X-20 
(Dyna-Soar ) ,   except   tha t   the   "hot"   cor ruga ted   Rene '   41   pane ls  are r ep laced  
by a wa te r - coo led   a luminum  s t ruc tu re .   The   hea t   sh i e lds   and   suppor t   c l i p s  
are coa ted   co lumbium;   t he   i n su la t ion  is  s t a b i l i z e d   Q - f e l t .  Lower- 
t empera tu re  areas use   supera l loy   (Rene '   41)  as t h e  r e r a d i a n t  s u r f a c e .  
Low-dens i ty  pheno l i c  ny lon  and  s i l i cone  e l a s tomer i c  ma te r i a l s  were con- 
s i d e r e d   f o r   a b l a t i o n   t h e r m a l   p r o t e c t i o n .  Some c o n s i d e r a t i o n  was g i v e n   t o  
cork because of  i t s  low c o s t  a n d  s u c c e s s f u l  u s e  on t h e  Minuteman ICBM. 
Re fu rb i shab le  ab la t ion  concep t s  p roposed  by AVCO and The Martin Company 
(References 5 and 6)  were compared.  The AVCO d e s i g n   i n v o l v e d   p o s t f l i g h t  
machining o f  r e s i d u a l  a b l a t i o n  m a t e r i a l  and r e c o a t i n g  t h e  s u b s t r a t e .  
Martin proposed removable honeycomb p a n e l s  t h a t  were t o  be discarded and 
r e p l a c e d  a f t e r  e a c h  f l i g h t .  
T r a n s p i r a t i o n  c o o l i n g  is much less deve loped  than  the  o the r  two concepts .  
C o a t e d  r e f r a c t o r y ,  a h igh- tempera ture  insu la t ion ,  and  a f l o w  c o n t r o l  
b a r r i e r  are r equ i r ed ,   and  some f o r m ,  u s u a l l y  a c t i v e ,  o f  t r a n s p i r a n t  f l o w  
c o n t r o l   s y s t e m  is needed .   T ransp i r a t ion  is  a t t r a c t i v e   b e c a u s e   o f  i t s  
p o t e n t i a l l y  low r e f u r b i s h m e n t  c o s t ,  i t s  a d a p t a b i l i t y  t o  a broad range of 
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Figure 3.1-1: THERMAL PROTECTION CONCEPTS 
h e a t   i n p u t s ,   a n d  i ts  promise of c o n f i g u r a t i o n   s h a p e   r e t e n t i o n .  Trans- 
p i r a t i o n  s y s t e m  d e t a i l s  were taken from work done under  Contract  NAS2-3443 
(Reference 7 ) .  
Cost Data 
A s  pa r t  o f  t he  "Cos t  E f fec t ive  S t ruc tu res  Des ign  fo r  Fu tu re  Space  Sys t ems"  
s tudy ,  ac tua l  p roduc t ion  d rawings  and  manufac tu r ing  and  too l ing  expe r i ence  
on t h e  X-20 were u s e d  t o  estimate t h e  m a n u f a c t u r i n g  c o s t s  f o r  a lower wing 
hea t   sh i e ld   a s sembly .   Cos t  estimates were made f o r  p a r t  f a b r i c a t i o n  as 
w e l l  as fo r  subassembly  and  a s sembly  ope ra t ions ,  i nc lud ing  qua l i ty  con t ro l .  
These X-20 d a t a  were u s e d  t o  e s t i m a t e  similar c o s t s  f o r  t h e  r a d i a t i o n  con- 
c e p t  shown a t  t h e  l e f t  i n  F i g u r e  3 .1 -1 .   Th i s   de t a i l ed   cos t ing   y i e lded  
t h e  columbium r a d i a t i o n   u n i t   c o s t   d a t a   o f   F i g u r e   3 . 1 - 2 .  The c o s t s  shown 
f o r  t a n t a l u m  and  Rene'  41 are s c a l e d  f r o m  t h e  columbium d a t a .  
F i g u r e  3 . 1 - 2  p r e s e n t s  a b l a t i o n  u n i t  c o s t s  f o r  l o w - d e n s i t y  p h e n o l i c  n y l o n  
and s i l i c o n e   e l a s t o m e t e r s .   T h e s e   d a t a  are  f rom  Mar t in   repor t s   (Reference  
6)  a n d  a r e  t h e  a v e r a g e  f o r  a p p l i c a t i o n  t o  f i b e r g l a s s  f a c e  and  core  honey- 
comb a n d   s t e e l - f a c e l g l a s s - c o r e  honeycomb.  Cork c o s t s  are from  Boeing 
Minuteman d a t a .   I n s p e c t i o n  i s  i n c l u d e d   i n   t h e s e   c o s t s .  
T r a n s p i r a t i o n  s y s t e m  c o s t s  are derived from work done under NASA Con t rac t  
NAS2-3443 (Reference 7 ) .  A manufac tur ing   cos t  estimate of a d e t a i l e d  
d e s i g n  was made as p a r t  o f   t h e   c o s t   e f f e c t i v e   s t r u c t u r e s   c o n t r a c t .  The 
t r a n s p i r a t i o n  s y s t e m  c o s t  must  be  regarded as a p r e l i m i n a r y  estimate 
pending more thorough demonstrat ion of  such a system. 
Thermal  protect ion system maintenance i s  shown i n  t h e  m i d d l e  d a t a  columns 
of   Figure  3 .1-2.   The  value  shown,  m ,  is  m a i n t e n a n c e   c o s t   p e r   f l i g h t  
d i v i d e d  b y  i n i t i a l  h a r d w a r e  c o s t .  
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CONCEPT 
PHENOLIC NYLON 
ABLATION SILICONE ELASTOMERS { CORK 
RENE'  41 
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TRANSPIRATION (27OOOF Cb) 
UNIT COST 
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I160 
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96 
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21 80 
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0.74 
0.47 
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development) 
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Figure 3.1-2: THERMAL PROTECTION COST PARAMETER SUMMARY 
Phenolic  nylon  and  silicone  elastomer  maintenance  estimates  are  derived 
from AVCO data. The  reduction in m  from 0 .74  to 0.47 is  due to an assump- 
tion that  m  is proportional  to  panel  initial  cost to reflect  the  relative 
handling  ease  of  the  silicone  material.  Cork  is  assumed to be bonded 
directly  to  the substructure and  to require 30% of  its  application  cost 
for stripping. 
The columbium  radiation  maintenance  data  is  derived  from  McDonnell  esti- 
mates  (Reference 8). The tantalum  value  of  m - 0 . 3 3  assumes  a  life of 
three  entry cycles ( L / D  = 1) for  coated  tantalum  at 3400°F.  Transpira- 
tion  system  maintenance  is  considered  to  be  keyed to  the refractory,  which 
is derated  to  2700°F  maximum  temperature. 
The  far-right  column in Figure  3.1-2  is an  estimate  of  dollars  required 
to  bring  the  thermal  protection systems to a comparable  state of develop- 
ment. These  estimates  have not  been  substantiated by a  detailed  examina- 
tion  of  the  required  development  programs. 
SCOT  Comparisons 
Thermal  protection  system  unit  cost is shown in  Figure  3.1-3 on a  cost- 
weight plot. The  figure  is  drawn  for  a  low-Earth-orbit  entry  vehicle, 
a  flying  equilibrium  glide,  and  a  hypersonic  L/D = 1. The unit  cost 
is  the  average over  a  180-flight  program  and  accounts  for  recurring  cost, 
maintenance,  and the development  costs  of  Figure 3.1-2,  prorated.  Vehicle 
maintenance was introduced  by  considering an expendable and  a  50-use  sys- 
n 
tem. The  entry  vehicle  was  considered  to  have  250 ft of wetted  area 
subjected  to  each of  the  two  peak  heating  rates  shown.  An  additional 
10 ft of  wetted  area,  at 80 Btujft sec, is  considered  in  the  backup 
material. 
L 
2 2 
Two marginal  transportation  costs  were  assumed in making  the  SCOT  com- 
parisons.  Four  conclusions  can be drawn  from  Figure 3 . 1 - 3  and  companion 
data: 
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Figure 3.1-3: THERMAL PROTECTION SYSTEM EFFICIENCY 
Low-densi ty  phenol ic  nylon i s  n e v e r  c o s t  e f f e c t i v e .  
ESM-1000 a b l a t i o n  is  c o s t  e f f e c t i v e  f o r  e x p e n d a  l e  low  and  medium 
L / D  v e h i c l e s ,  f o r  h e a t i n g  rates above 40 B t u / f t  s e c .  
T r a n s p i r a t i o n  i s  n o t  c o s t  e f f e c t i v e  f o r  l o w  a n d  medium L/D v e h i c l e s ,  
e i t h e r  e x p e n d a b l e  o r  h a v i n g  5 0 - u s e  c a p a b i l i t y ,  e x c e p t  i n  a reg ion  of  
h i g h  h e a t i n g  ra te  on t h e  low L/D,  50 -use  conf igu ra t ion .  
R a d i a t i o n  i s  a lways   mos t   cos t -e f fec t ive  a t  lower  hea t ing  rates f o r  
both  expendable  and  50-use,  low L/D v e h i c l e s  a t  a m a r g i n a l  t r a n s -  
po r t a t ion   cos t   o f   $1000 / lb ,   and   nea r ly   a lways  a t  $ 5 0 0 / l b .   R a d i a t i o n ,  
u s e d  f o r  t h e  80 B t u / f t 2 s e c  area, was c o s t - e f f e c t i v e  f o r  L / D  = 1, 
b u t  n o t  € o r  L I D  = 0 .5 .  
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Research   Impl ica t ions  
The economic me& 0 6  ;the&md p o A e c t i o n  .sqntem cun&d&a Leu& it0 
conduniom on mheecvrch io be PutLrSued doh  npecidic  app&c&ovm. 
Most  of t h e  e n t r y  v e h i c l e  m i s s i o n  r e q u i r e m e n t s  f o r e s e e n  i n  t h e  n e a r  f u t u r e  
can  be  accomplished by a low t o  medium LID c o n f i g u r a t i o n .  T h i s  p o i n t  is 
d i s c u s s e d  i n  S e c t i o n  4 . 1  of   t h i s   documen t .  No p o s i t i v e   p r o o f   c a n   b e  
o f f e r e d ,  b u t  i t  i s  p r o b a b l e  t h a t  m i s s i o n  t r a f f i c  w i l l  e v e n t u a l l y  b e  h i g h  
enough to  war ran t  t he  use  o f  mul t ipu rpose  and  mul t iu se  en t ry  veh ic l e s .  
It i s  a l s o  p r o b a b l e  t h a t  a n y  new, m a n e u v e r a b l e ,  r e u s a b l e  e n t r y  v e h i c l e  
would   be   opera t iona l   before   1975.   Des ign   of   such  a v e h i c l e  t o  s u i t  b o t h  
NASA and DOD r e q u i r e m e n t s  a p p e a r s  l i k e l y .  
I n  a n y  c a s e ,  c o n t i n u e d  r e s e a r c h  o n  s i l i c o n e  e l a s t o m e r i c  a b l a t i o n  m a t e r i a l s  
is  war ran ted ,  w i th  emphas i s  on  cos t  r educ t ion  th rough  e l imina t ion  o f  t he  
loaded honeycomb f e a t u r e  by use   o f  a m e c h a n i c a l l y   s t r o n g e r   a b l a t o r .  A 
v a r i a b l e - d e n s i t y  a b l a t o r ,  w i t h  d e n s i t y  d e c r e a s i n g  i n w a r d  f r o m  t h e  s u r f a c e ,  
would  merge t h e  mass loss a n d  i n s u l a t i o n  f u n c t i o n s  a n d  r e d u c e  s u b s t r a t e  
c o s t s .  Reuse s t u d i e s   s h o u l d  stress t h e   s a v i n g   o f   h i g h - c o s t   s u b s t r u c t u r e  
as a n e c e s s i t y  t o  c o s t  e f f e c t i v e n e s s .  
A modest level  of r a d i a t i o n  s t ruc ture  r e s e a r c h  a l so  seems j u s t i f i e d .  The 
extensive use of r a d i a t i o n  structure on lower LID v e h i c l e s ,  i t 6  prabable 
use on v e h i c l e s  h a v i n g  an LID of  1.5 o r  g r e a t e r ,  and t h e  i n h e r e n t  advan- 
t a g e s  of a f i x e d  c o n t o u r  a r g u e  t h i s  p o i n t .  A b e t t e r  u n d e r s t a n d i n g  of t h e  
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grea t ly  improved  co lumbium a l loys  ( such  as C-129Y) should  be  ga ined .  
Tan ta lum coa t ing  shou ld  be  pu r sued  to  demons t r a t e  a 3400°F system, but  
no  p res s ing  need  is  seen  for  ex tens ive  tan ta lum component  deve lopment  
a t  t h i s  time. 
Nondes t ruc tuve  me thods  shou ld  be  found  fo r  de t e rmin ing  the  r ema in ing  l i f e  
of  a r e f r a c t o r y  component t h a t  h a s  b e e n  s u b j e c t e d  t o  t h e  e n t r y  e n v i r o n m e n t .  
It is  a l s o  f e l t  t h a t  e n t r y  e n v i r o n m e n t  s i m u l a t i o n  f o r  tes t  should  have  
f u r t h e r   r e s e a r c h .   S p e c i f i c   t h o u g h t   s h o u l d   b e   g i v e n   t o  means  of a c c e l e r a t e d  
l i f e  t e s t i n g .  
Some c o n t i n u i n g   s t u d y   s h o u l d   b e   g i v e n   t o   t r a n s p i r a t i o n   c o o l i n g .   S y s t e m  
demonst ra t ion  i s  s t i l l  the  ma jo r  p rob lem.  Transp i r an t s  such  as l i t h i u m ,  
hydrogen,  and ammonia d e s e r v e  f u r t h e r  c o n s i d e r a t i o n  f r o m  a f e a s i b i l i t y ,  
i f  n o t  a c o s t  e f f e c t i v e ,  s t a n d p o i n t .  
3.2 MATERIAL TRADES 
Importance of Material S e l e c t i o n  
I n  d e s i g n i n g  s t r u c t u r a l  h a r d w a r e ,  i t  is i m p o r t a n t  t o  c h o o s e  materials 
ea r ly .   F igu re   3 .2 -1 ,  a conven t iona l   s t r eng th lwe igh t   compar i son   o f  mate- 
rials fo r  va r ious  t empera tu res ,  shows  some o f  t h e  many c h o i c e s  c o n f r o n t i n g  
a d e s i g n e r .  Even  when o t h e r   e n v i r o n m e n t a l   c o n s i d e r a t i o n s ,   s u c h  as chemi- 
c a l  c o m p a t a b i l i t y  o r  t h e  p r e s e n c e  o f  stress c y c l e s ,  p l a c e  l i m i t a t i o n s  o n  
material a p p l i c a t i o n ,  many a l t e r n a t i v e s  c a n  e x i s t .  
I n  g e n e r a l ,  materials show  some v a r i a t i o n  i n  r a w  material cos t s  and  a wide 
v a r i a t i o n  i n  f a b r i c a t i o n   c o s t s .   F u r t h e r m o r e ,  new m a t e r i a l s  are appea r ing  
t h a t ,  a l t h o u g h  having high performance,  are b o t h  e x p e n s i v e  t o  buy and t o  
fabricate ( for  example,   whisker composites). 
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Figure 3.2-1: MATERIALS COMPARISON 
The mater ia l  choice  can  have  an  ex tens ive  impact  on  program cos ts  be-  
c a u s e :   f a b r i c a t i o n   c o s t s  are a “ d r i v e r ”  of s o f t w a r e   c o s t s ;   t h e  u s e  of a 
high-performance material c a n  d i c t a t e  e x t e n s i v e  material developments and 
d e m o n s t r a t i o n  t e s t i n g ;  a n d  material cho ice  may d i c t a t e  o r  l i m i t  f a b r i c a -  
t i o n  c o n c e p t s .  
Adding the  Cos t  Dimens ion  to  Material S e l e c t i o n  
The  well-known s t r u c t u r a l  o p t i m i z a t i o n  t e c h n i q u e s  o f  G e r a r d  ( R e f e r e n c e  9 )  
and o t h e r s  are capab le  o f  compar ing  ma te r i a l s  on  a w e i g h t  b a s i s  f o r  a n y  
s p e c i f i e d   a p p l i c a t i o n .  To e x t e n d   s u c h   t e c h n i q u e s   t o   c o s t   t r a d e s ,  i t  i s  
n e c e s s a r y   o n l y   t o   e v a l u a t e   t h e   t o t a l   m a t e r i a l   c o s t   p e r   u n i t   w e i g h t .   T h i s  
c o s t  is  made up o f  t h e  c o s t  t o  b u y ,  t h e  c o s t  t o  f a b r i c a t e ,  and t h e  c o s t  t o  
t r a n s p o r t  t h e  material on a per-pound b a s i s .  
The pu rchase  cos t  o f  raw m a t e r i a l  i s  e a s i l y  o b t a i n e d  i f  t h e  s p e c i f i c  a p p l i -  
c a t i o n  is  known.  To per form  genera l   compar ison ,  i t  can   be   e s t ima ted   w i th  
f a i r  a c c u r a c y  by c o n s i d e r i n g  a r e p r e s e n t a t i v e  s i z e  o f  o r d e r  a n d  repre- 
s e n t a t i v e   s e l e c t i o n   o f   s t r u c t u r a l   f o r m s .  The  column l a b e l e d  Cp i n  F i g u r e  
3.2-2 l i s ts  t h i s  q u a n t i t y  f o r  s e v e r a l  a l l o y s .  
S i m i l a r l y ,  f a b r i c a t i o n  c o s t  c a n  b e  e s t i m a t e d  i f  t h e  s p e c i f i c  a p p l i c a t i o n  
is d e f i n e d .  To g e n e r a l i z e :  A s e l e c t i o n   o f   f a b r i c a t i o n   p r o c e s s e s  is  
chosen  and  an  average  manufactur ing  cost  is e s t a b l i s h e d .   T h i s   c o s t ,   f o r  
t h e  same materials, is t a b u l a t e d  u n d e r  K C i n  F i g u r e  3.2-2. F A  
The  economic u t i l i t y  o f  w e i g h t ,  as d i s c u s s e d  i n  S e c t i o n  2 . 2 ,  is g iven  by 
m a r g i n a l   t r a n s p o r t a t i o n   c o s t .   U s i n g  two va lues ,   $100/ lb   and   $1000/ lb ,   the  
l a s t  two c o l u m n s  t a b u l a t e  t o t a l  m a t e r i a l  c o s t s  ( p e r  c u b i c  i n c h )  i n  d o l l a r s .  
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Total Cost Parameter ($/in ) 3 
Material Cp ($/lb) KF CA  ($/lb) CB= $1OO/lb  CB = $lOOO/lb 
Aluminum 
2024- T6 0.51 1 05 20 100 
221  9-T62 0.66 1 05 21 113 
7075-T6 0.66 1 05 21 112 
Magnesium 
HK31  A  4.90 165 17 75 
Stainless 
301  XHSR 1 .oo 113 62 323 
4340 0.18 140 I 68 323 Steel 
Titani urn 
6AL-4V  11.15 227  52  196 
Superalloy 
Rene '41 9 .OO 1 25 67 336 
Beryllium 
Hot Press 360.00  656  50  110 
Columbium 
FS 82 80 .OO 1 88 1 07 441 
Fiberglass 
EPOXY I 5.31 165  18 77 
[Figure 3.2-2: MATERIAL COST PARAMETERS 
Manufacturing Complexity 
The a e r o s p a c e  i n d u s t r y  is most f a m i l i a r  w i t h  t h e  f a b r i c a t i o n  o f  aluminum 
a l l o y s .   T h e r e f o r e ,  i t  is c o n v e n i e n t   t o   r e f e r e n c e   t h e   c o s t   o f   f a b r i c a t i o n  
p r o c e s s e s   f o r   o t h e r  materials t o  e q u i v a l e n t  c o s t  f o r  aluminum. This r a t i o  
is  c a l l e d   t h e   m a n u f a c t u r i n g   c o m p l e x i t y   f a c t o r .  The f a b r i c a t i o n   c o s t s  
t a b u l a t e d   i n   F i g u r e  3.2-2 were g e n e r a t e d  i n  t h i s  manner. I n  t h e  f i g u r e ,  
KF is  the  complex i ty  f ac to r ,  and  CA i s  a b a s e l i n e  aluminum f a b r i c a t i o n  
c o s t  . 
The c o m p l e x i t y  f a c t o r s  a r e  w e i g h t e d  a v e r a g e s  o v e r  a number  of r e p r e s e n t a -  
t i v e   f a b r i c a t i o n   p r o c e s s e s   t a b u l a t e d   i n   F i g u r e  3.2-3. Not a l l  o f   t h e s e  
p r o c e s s e s  a p p l y  t o  a l l  o f  t h e  m a t e r i a l s ,  so s u i t a b l e  s u b s t i t u t i o n s  were 
made. For  example, i f   t h e   m a t e r i a l  i s  n o t   s u b j e c t   t o   h e a t   t r e a t m e n t ,   a n  
equiva len t  co ld-working  process  was s u b s t i t u t e d .  
The  Material-Geometry  Index 
M a t e r i a l  p r o p e r t i e s  i n t e r a c t  w i t h  e a c h  o t h e r ,  a n d  w i t h  component  geometry, 
i n  d e f i n i n g  t h e  q u a n t i t y  o f  a m a t e r i a l  r e q u i r e d  t o  s a t i s f y  a s t r u c t u r a l  
requi rement .   Consequent ly ,   the  merits o f   m a t e r i a l s  must b e   c o n s i d e r e d  
fo r   each   geomet ry .   Compress ion - loaded   des igns   r equ i r e   s t i f fnes s ,   whereas  
t e n s i o n - l o a d e d   d e s i g n s   r e q u i r e   s t r e n g t h .   U l t i m a t e   s t r e n g t h   d e s i g n s   m u s t  
c o n s i d e r  s a f e t y  m a r g i n s  a n d  f a i l u r e  modes i n  d e c i d i n g  w h i c h  p r o p e r t i e s  
are c r i t i c a l .  
F igu re  3.2-4 p r e s e n t s  t h e  d e r i v a t i o n  o f  a s i m p l e  s t r u c t u r a l  i n d e x - - - t h a t  
f o r  a monocoque cylinder Fa compreseion. The c y l i n d e r  is assumed t o  b e  
t h i n ,  so t h a t  t h e  f a i l u r e  w i l l  b e  p e r f e c t l y  e l a s t i c  and only Young's 
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4luminum 
2024-T62 
221 9-T62 
7075-T6 
Mag nesi urn 
HK 31A 
Stainless 
301  XHSR 
Steel 
4340 
Ti tani urn 
6A I -4V 
Superal loy 
Rene' 41 
Beryllium 
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modulus   need   be   cons idered .   Other   geometr ies   and   load   condi t ions  w i l l  
have  more  complex s t r u c t u r a l  i n d e x e s .  The  backup  document  presents 
i n d e x e s  f o r  p r e s s u r e  v e s s e l s ,  t h i c k - w a l l  c o l u m n s ,  s h e l l s ,  a n d  beams. 
Comparat ive Performance of  Mater ia ls  
It  has  been shown how u n i t  c o s t  ( $ / i n . 3 )  of materials can  be  developed 
f o r  a e r o s p a c e  a p p l i c a t i o n s ,  a n d  how s t r u c t u r a l  i n d e x e s  c a n  b e  d e r i v e d  f o r  
s p e c i f i c   d e s i g n s .  Combin ing   t hese   pa rame te r s   p roduces   t he   r e l a t ive   cos t  
o f  m a t e r i a l s  t o  s a t i s f y  g i v e n  d e s i g n  r e q u i r e m e n t s .  
F i g u r e  3.2-5 shows a material cos t  compar i son  fo r  monocoque compression 
c y l i n d e r s   f o r  a m a r g i n a l   t r a n s p o r t a t i o n   c o s t  of $100 / lb .  The p l o t   i n d i -  
c a t e s  t h a t  aluminum a l l o y s  w i l l  be  supe r io r  fo r  room- tempera tu re  app l i -  
c a t i o n ,  w i t h  magnesium a l loys  c lose ly  compe t i t i ve ,  fo l lowed  by  be ry l l i um 
a t  h i g h e r   t e m p e r a t u r e s .  The b a s i c   h i g h   c o s t s  of  b e r y l l i u m   a r e   n o t   r e p a i d  
by i t s  s t ruc tu ra l   we igh t   e f f i c i ency   i n   l ow- tempera tu re   env i ronmen t s   fo r  
t h i s  a p p l i c a t i o n .  
The  comparison  of  Figure 3.2-5 is  r e p e a t e d   i n   F i g u r e  3 . 2 - 6 ,  b u t  f o r  a 
t ranspor ta t ion   margin   o f   $1000/ lb .   There  i s  a premium  on l i g h t  w e i g h t ,  
a n d   b e r y l l i u m   d o m i n a t e s   t h e   m a t e r i a l   s e l e c t i o n .  Magnesium a l l o y s  a r e  t h e  
nex t  most e f f i c i e n t ,  f o l l o w e d  by aluminum. 
A number of  such comparisons are p r e s e n t e d  i n  t h e  b a c k u p  document 
(D2-114116-2). 
Future  Cost  Improvements 
The h i s t o r y  of material developments  shows  an i n i t i a l  h i g h  p u r c h a s e  and 
f a b r i c a t i o n   c o s t   f o l l o w e d  by cos t   r educ t ions .   H igh   cos t s  arise from 
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Transportation = $1 OOO/ Ib 
s c a r c i t y  and l a c k  o f  f a m i l i a r i t y ,  a n d  are n a t u r a l l y  r e d u c e d  as new pro- 
d u c t i o n  p r o c e s s e s  i n c r e a s e  p r o d u c t i o n  rates and f ab r i ca t ion  me thods  are 
a d a p t e d  t o  material p e c u l i a r i t i e s .  
F igu re  3.2-7  shows t h e  h i s t o r y  and t rends of  raw material c o s t s  f o r  h i g h -  
s t r e n g t h  w h i s k e r s  a n d  f i l a m e n t s - " p r o b a b l y  t h e  h i g h e s t - c o s t  s t r u c t u r a l  
materials eve r   u sed .  A l l  o f  t h e  m a t e r i a l s  show  downward t r e n d s  t h a t  c a n  
b e  e x p e c t e d  t o  c o n t i n u e  f o r  some t i m e .  Because  they are new, these mate- 
r i a l s  r e q u i r e  a d i f f e ren t  t echn ique  o f  cos t  compar i son .  
Exchange  Curves for  Composi tes  
Exchange  curves  showing a l l  combinat ions  of  raw material cos t  and  f ab r i -  
c a t i o n  c o s t  a t  which a composite material can compete economically with a 
conven t iona l  material p rov ide  a p o w e r f u l  a p p r o a c h  t o  e v a l u a t i n g  t h e  f u t u r e  
of   composi tes .   Such  curves  are drawn  by c o n s i d e r i n g   s p e c i f i c   a p p l i c a t i o n s  
o f  s t r u c t u r a l  g e o m e t r y  a n d  t r a n s p o r t a t i o n  c o s t ,  a n d  e v a l u a t i n g ,  w i t h  t h e  
p r e v i o u s l y  d e s c r i b e d  material c o s t i n g  t e c h n i q u e s ,  t h e  c o s t  l e v e l s  a t  which 
composi tes   produce  the same t o t a l  c o s t  a s  a conven t iona l  material. The 
merits o f  c o m p o s i t e s  i n  v a r i o u s  a p p l i c a t i o n s  c a n  t h e n  b e  i d e n t i f i e d .  
F u r t h e r m o r e ,  i f  t h e r e  is some knowledge o f  t h e  d i f f i c u l t i e s  i n  f a b r i c a t i n g  
t h e s e  materials, va lue  judgmen t s  o f  t he  raw material c o s t  l e v e l s  a t  which 
they  become e f f e c t i v e  c a n  b e  made. 
Figure 3.2-8 compares boron-epoxy composite with aluminum a t  room tempera- 
t u r e   f o r   t r a n s p o r t a t i o n   m a r g i n s  of $O/ lb   and   $500 / lb .   Four   s t ruc tu ra l  
a p p l i c a t i o n s  are cons ide red .   S imi l a r   compar i sons  are made i n   F i g u r e  3.2-9 
fo r  t he  bo ron-epoxy  material w i t h  t i t a n i u m  i n  a 400'F environment .   For  a 
g i v e n  s t r u c t u r a l  a p p l i c a t i o n  ( e . g . ,  E u l e r  column)  and t r a n s p o r t a t i o n  c o s t  
( e .g . ,  $500/1b), Figure  3 .2-8  shows  that  a combinat ion of raw material 
and manufactur ing cost  €or  boron-epoxy---to the  l e f t  of t h e  l i n e  (total 
of $880/lb)---ie c o s t   e f f e c t i v e  compared t o  aluminum.  Convereely, any 
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t o t a l  material c o s t  t o  t h e  r i g h t  o f  t h e  l i n e  i s  n o t  c o s t  e f f e c t i v e .  
These two f igures  show the s t rong dependence of  cost  conclusions on t rans-  
p o r t a t i o n  c o s t  a n d  component  geometry. 
Resea rch  Impl i ca t ions  
Cost  comparisons  of materials show the  impor tance  of  geometr ic  appl ica-  
t i o n  a n d  m a r g i n a l  t r a n s p o r t a t i o n  c o s t  i n  d e f i n i n g  t h e  l e a s t - c o s t  material. 
An advanced material t h a t  i s  n o t  c o s t  e f f e c t i v e  i n  s i m p l e  a p p l i c a t i o n s  
becomes cost  effect ive for  more demanding uses .  
Comparisons  of   convent ional   mater ia ls  shown i n  F i g u r e s  3 . 2 - 2 ,  - 5 ,  and -6 
i n d i c a t e  t h a t  t h e i r  raw m a t e r i a l  c o s t s  are n o t  l a r g e  enough t o  a f f e c t  
t h e   c o s t   t r a d e s .  However ,   manufactur ing  complexi ty ,  i s  a s i g n i f i c a n t  
f a c t o r  a n d ,  i n  c o m b i n a t i o n  w i t h  m a r g i n a l  t r a n s p o r t a t i o n  c o s t s ,  p r o d u c e s  
v a l i d  optimum cho ices .  
There is a t r e n d  i n  t h e s e  c o s t  t r a d e s  t o  s e l e c t  t h e  m o s t  e a s i l y  f a b r i c a t e d  
materials a t  t r anspor t a t ion  marg ins  be low $100 / lb  and  the  l ea s t -we igh t  
materials a t   marg ins   above   $1000/ lb .  
There i s  f u r t h e r  o b s e r v a t i o n ,  n o t  d i r e c t l y  b a s e d  on c o s t ,  b u t  r e v e a l e d  i n  
t h e   s t u d i e s   o f   b e r y l l i u m  shown i n   t h e   b a c k u p   d o c u m e n t a t i o n :   I n   u l t i m a t e  
c o m p r e s s i o n  s t r e n g t h  d e s i g n ,  c o n s i d e r a t i o n s  o f  p l a s t i c  f a i l u r e  make t h e  
material p r o p o r t i o n a l  l i m i t  more important than Young's modulus as a 
s t r u c t u r a l   i n d e x .   T h i s  makes b e r y l l i u m  less attractive i n   s u c h   a p p l i c a -  
t i o n s  t h a n  s t i f f n e s s l w e i g h t  c o m p a r i s o n s  w o u l d  i n d i c a t e .  
The composi te  material exchange  curves  (Figures  3.2-8  and - 9 )  show t h a t  
t h e s e  materials, w i t h  t h e i r  i n h e r e n t  f a b r i c a t i o n  d i f f i c u l t i e s ,  c o m p e t e  
w l t h  aluminum only  for h igh  t r a n s p o r t a t i o n  m a r g i n s  o r  w h e r e  t h e i r  h i g h  
u l t i m a t e  s t r e n g t h s  c a n  be used   fu l ly ,   Compar i sons   w i th   t i t an ium a t  400°F 
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are less d e c i s i v e  b e c a u s e  t i t a n i u m  is i t s e l f  a d i f f i c u l t  material t o  f a b r i -  
cate. However,  when  weight is i m p o r t a n t   ( t r a n s p o r t a t i o n   m a r g i n  = $ 5 0 0 / l b ) ,  
t h e  boron-epoxy  composite is c u r r e n t l y  c o m p e t i t i v e  w i t h  t i t a n i u m .  
The a r g u m e n t  p r e s e n t e d  i n  S e c t i o n  2 . 2  shows  marg ina l  t r anspor t a t ion  cos t s  
f o r  t h e  d e s i g n  o f  f i r s t  s t a g e s  a n d  s i n g l e - s t a g e - t o - o r b i t  l a u n c h  v e h i c l e s  
t o   b e   n e a r   $ O / l b .   F o r   t h e s e   a p p l i c a t i o n s ,  a gene ra l   conc lus ion   can   be  
made f rom the  material t r a d e s  p r e s e n t e d  h e r e  t h a t  aluminum w i l l  probably 
r e m a i n  t h e  b e s t  l a u n c h  v e h i c l e  material f o r  some time t o  come. 
F i n a l l y ,  t h e  c o m p a r i s o n s  i n  t h i s  s e c t i o n  i n d i c a t e  t h a t  t h e r e  w i l l  always 
b e  a j u s t i f i c a t i o n  f o r  a d v a n c e d  materials t h r o u g h  t h e  h i g h  t r a n s p o r t a t i o n  
margins  of  h igh-energy  miss ions .  
3 . 3  CRYOGENIC CONTAINMENT CONCEPTS---LUNAR 
The  Problem  of  Environment 
Long-term s to rage  o f  c ryogens  w i l l  become i n c r e a s i n g l y  i m p o r t a n t  i n  f u t u r e  
space  missions.   Hydrogen as a p r o p e l l a n t   a n d  as a f u e l  f o r  a u x i l i a r y  
power a p p l i c a t i o n s  w i l l  be  used  fo r  l una r  exp lo ra t io t i  mi s s ions ,  l ong-  
d u r a t i o n  s p a c e  s t a t i o n s ,  a n d  p l a n e t a r y  v e h i c l e s .  
One t y p i c a l  a p p l i c a t i o n  o f  l i q u i d  h y d r o g e n  is  i t s  u s e  i n  f u e l  ce l l s  f o r  
a l u n a r   e x p l o r a t i o n   v e h i c l e ,   s u c h  as Molab, o r  a l u n a r  s h e l t e r .  T y p i c a l  
s t o r a g e  r e q u i r e m e n t s  are 20 t o  80 pounds a v a i l a b l e  a f t e r  a 6-month s t o r a g e  
p e r i o d .  
Numerous p e r f o r m a n c e  s t u d i e s  h a v e  b e e n  c o n d u c t e d  i n  t h i s  g e n e r a l  area; t h e  
r e s u l t s  of o n e  h a v e  b e e n  s e l e c t e d  t o  a p p l y  some of t h e  c o s t i n g  p r i n c i p l e s  
developed in NAS7-525. The s tudy   (Reference  lo), which was p e r f o m e d  by 
B o e i n g - S e a t t l e  f o r  NASA/MSFC under  Cont rac t  NAS8-20272, developed  pre l imi-  
nary designs f o r  LH2 and LOX tanks; compared them on t h e  b a s i s  of we igh t ,  
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s i z e ,  r e l i a b i l i t y ,  t h e r m a l  p r e d i c t a b i l i t y ,  a n d  f a b r i c a t i o n  c o m p l e x i t y ;  
de t e rmined  r equ i r ed  deve lopmen ta l  t e s t ing ;  and  de f ined  func t iona l  t e s t ing .  
The s t u d y  s e l e c t e d  is a p p r o p r i a t e  b e c a u s e  i t  contained good performance 
d a t a  a n d  d e f i n e d  t e s t i n g  r e q u i r e m e n t s ,  w h i c h  a r e  i m p o r t a n t  i n  a c o s t  
comparison. 
The  envi ronment  for  the  small hydrogen  t anks  s tud ied  inc luded  the  fo l low-  
ing   mi s s ion   phases :   Ea r th   l aunch ;  Earth-Moon t r a n s i t  p h a s e  ( 1 1 0  h o u r s )  ; 
l u n a r  s h e l t e r  s t o r a g e  ( 1 8 2  E a r t h  d a y s ) ;  a n d  1 4  E a r t h  d a y s  manned l u n a r  
o p e r a t i o n a l   p e r i o d .   P r e l a u n c h   a n d   E a r t h - l u n a r   t r a n s i t   t h e r m a l   e n v i r o n -  
ment w a s  assumed t o  be  530  and  450°R,   respect ively.   These are e x t e r n a l  
t ank - su r face   t empera tu res .  The t a n k s ,  on t h e   l u n a r   s u r f a c e ,  were assumed 
t o  b e  s h i e l d e d  a n d  t o  h a v e  a n  e x t e r n a l  t e m p e r a t u r e  h i s t o r y  as shown i n  
Figure  3.3-1. 
O t h e r  e n v i r o n m e n t a l  c o n d i t i o n s  i n c l u d e d  v i b r a t i o n ,  b o o s t  l o a d s ,  l u n a r  
l and ing  loads  (10.5 g v e r t i c a l ,  o r  8.5 s i d e  p l u s  2 . 5  g v e r t i c a l  limit). 
A ven t   p re s su re   o f  100 p s i a  ( l i m i t )  was assumed. An u l t i m a t e   l o a d   f a c t o r  
of  1 .4  was u s e d ,  a n d  y i e l d  s t r e n g t h  w a s  not  exceeded a t  110% l i m i t  l oad .  
Concepts  Avai lable  for  Trade 
Three LH2 s t o r a g e  s y s t e m s  were c o n s i d e r e d  i n  NAS8-20272 a n d  i n  t h e  c o s t  
s tudy summarized here .  
LH2 S torage  Sys tem l - - -Sof t  ou ter  she l l lgas-purged  insu la t ion /vapor-  
c o o l e d  s h i e l d .  
LH2 S torage  Sys tem 2- - -Sof t  ou ter  she l l lgas-purged  insu la t ion .  
LH2 Storage System 3---Honeycomb h a r d  o u t e r  s h e l l / e v a c u a t e d  i n s u l a -  
t i o n / v a p o r - c o o l e d  s h i e l d .  
Common items for a l l  t h r e e  systems are: 
Inaulatisn---Q.25-mil nylon  aluminized on both a i d e s  and 7-mil-thick 
ny Ion n e t  t i n g  . 
Suppor t s - - -E igh t   f i be rg la s s   t ens ion  rods 
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Tank Shape and Material-"Spherical ,  2219-T6E46 aluminum 
Usable Hydrogen---80 pounds 
F i g u r e  3 .3 -2  shows t h e   t h r e e   i n s u l a t i o n   c o n c e p t s .   C o n s i d e r a b l e  stress, 
the rma l ,  and  dynamic  ana lys i s  w a s  made a f t e r  a des ign  concept  was set 
f o r   e a c h   s y s t e m .   M a n u f a c t u r i n g   f e a s i b i l i t y  w a s  s t u d i e d  a g a i n s t  t h e  b a c k -  
g r o u n d  o f  B o e i n g  f a b r i c a t i o n  e x p e r i e n c e  i n  small c ryogen ic  t anks .  
Cost  Study  Approach "-
A manufac tur ing  and  cos t  eva lua t ion  was pe r fo rmed  on  the  th ree  LH2 con- 
c e p t s .  F i r s t  u n i t  c o s t s  were o b t a i n e d   f o r  a 100-tank  program  (each  con- 
cep t ) .   Cos t  estimates were made t o  the   subassembly   leve l   and   inc luded  
bo th   r ecu r r ing   and   nonrecur r ing   cos t s .   Mis s ing  component  development 
tests were de f ined   and   p r i ced .  I t  d e v e l o p e d   t h a t   t h e   p r o d u c t i o n  rate 
was a n  i m p o r t a n t  f a c t o r  i n  t h e  u n i t  c o s t .  A rate o f  f o u r  p e r  month w a s  
assumed. 
An i n t e r e s t i n g  d e c a i l  o f  c o s t i n g  t h e s e  t h r e e  c o n c e p t s  w a s  t h e  s u b s t a n t i a l  
i n s u l a t i o n   c o s t .   I n s u l a t i o n   c o s t  was between 30 a n d   6 2 %   o f   t h e   t o t a l  
c o s t  and was s t r o n g l y  r e l a t e d  t o  t h e  h a n d l i n g  o f  t h e  many l aye r s  o f  myla r  
and  ny lon  ne t t i ng .  
T rade  Resu l t s  
F igu re  3 .3 -3  is a SCOT p l o t  f o r  t h e  t h r e e  c o n c e p t s  s h o w i n g  a c o s t  e f f e c -  
t iveness  c rossover  be tween Concepts  I and 2 a t  $600 / lb  marg ina l  t r anspor -  
t a t i o n   ( b o o s t )   c o s t .   C o n c e p t  2 is more c o s t   e f f e c t i v e  a t  lower  boost  
c o s t ,  Concept 1. a t  higher than $600/1b. Concept 3 (ha rd  outer  s h e l l )  l e  
never cast  e f f e c t i v e .  F i g u r e  3 .3 -3  makes t he  comparison on the b a a l s  of 
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Figure 3.3-2: CRYOGENIC  TANKAGE  CONCEPT  COMPARISON 
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Figure 3.3-3: CRYOGENIC TANKAGE CONCEPT COMPARISON 
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4 
a 100-tank  average cost .  A n o t h e r   c o m p a r i s o n   o n   t h e   b a s i s   o f   f i r s t - u n i t  
c o s t  p r o d u c e s  e s s e n t i a l l y  a n  i d e n t i c a l  r e s u l t ,  a $660 / lb  cos t  effect ive-  
n e s s   c r o s s o v e r .  
N o t e  t h a t  t h e  o r d i n a t e  a n d  a b s c i s s a  o f  t h e  f i g u r e  are somewhat d i f f e r e n t  
f rom the  usua l  SCOT p l o t .  The n o r m a l i z a t i o n  o f  c o s t  a n d  w e i g h t  t o  w e i g h t  
o f  u sab le  hydrogen  was n e c e s s a r y  t o  r e f l e c t  t h a t  t h r e e  a c t u a l  d e s i g n s  
were ana lyzed   and   cos ted .  The t h r e e   t a n k s  were found  to  have  amounts  of 
LH2 a f t e r  6 m o n t h s   d i f f e r e n t   t h a n   t h e   p l a n n e d  80 pounds.   Another  design 
i t e r a t i o n  w o u l d  h a v e  b e e n  r e q u i r e d  t o  d e f i n e  t a n k s  h a v i n g  e x a c t l y  80 
pounds of  usable  LH2. 
Resea rch  Imol i ca t ions  
F o r   t h i s   a p p l i c a t . i o n ,   t h e   h a r d   o u t e r   s h e l l   c o n c e p t  (No. 3 )  f o r  LH2 s t o r -  
age i s  m a r k e d l y   i n f e r i o r   t o   t h e  two s o f t - s h e l l   c o n c e p t s .  The h a r d   o u t e r  
s h e l l  c o n c e p t  h a s  c o n s i d e r a b l y  h i g h e r  w e i g h t  a n d  c o s t .  
The d a t a  i n d i c a t e s  t h a t ,  f o r  E a r t h  o r b i t a l  m i s s i o n s ,  d e v e l o p m e n t  o f  t h e  
vapor -coo led   so f t - she l l   concep t  (No. 2)  i s  no t   war ran ted .  For  lunar   and  
h igher -energy  miss ions ,  use  of  the  vapor-cooled  concept  can  produce  cos t  
b e n e f i t s ,  a n d  r e s e a r c h  i s  war ran ted .  
Th i s  s tudy  showed  tha t  t he  number  o f  l aye r s  o f  i n su la t ion  materials w a s  
a s t r o n g  c o s t  f a c t o r .  
T h i s  c o s t  s t u d y  was one of  the few which used synthesized costs  (see Sec- 
t ion  2 .1) .   Approximately 3 months were needed t o  d e v e l o p  f u l l y  t h e  c o s t  
d a t a  shown. The time t a k e n ,  when compared t o  t h e  r e t u r n  o f  i n f o r m a t i o n ,  
does not  seem j u s t i f i e d  f o r  p r e l i m i n a r y - d e s i g n  e v a l u a t i o n s .  
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3.4 PRESSURE-FED LAUNCH VEHICLE STAGE  MATERIALS 
Po ten t i a l  o f  P res su re -Fed  Launch Vehicle  Stages for  Cost  Savings 
The use  of a p r e s s u r e - f e d  c o n c e p t  f o r  p r o p e l l a n t  f e e d  t o  l a u n c h  v e h i c l e  
eng ines  elimates t h e   n e e d   f o r   e l a b o r a t e  pumps.  Such pumps are p e c u l i a r  
t o  a g iven  engine  and  are very  cos t ly ,  bo th  f rom the  deve lopment  and  re- 
c u r r i n g  s t a n d p o i n t .  
P r e s s u r e - f e d  p r o p e l l a n t s  d o  i n c r e a s e  t h e  s t r u c t u r a l  l o a d s  i n  t h e  t a n k s .  
The r e s u l t a n t  t h i c k e r  t a n k  walls h a v e  i n h e r e n t l y  h i g h e r  s t a b i l i t y  t o  com- 
p r e s s i o n  l o a d s ,  r e q u i r e  less e l a b o r a t e  h a n d l i n g  p r e c a u t i o n s ,  a n d  g e n e r a l l y  
c o s t  less t o  f a b r i c a t e .  The t anks   r equ i r ed   fo r   h igh -p res su re   ( approx i -  
mate ly  300 p s i )  l i q u i d s  a n d  s o l i d  p r o p e l l a n t s  are similar to  commerc ia l  
t a n k s  f a b r i c a t e d  f o r  t h e  b r e w e r y ,  o i l ,  a n d  f o o d  p r o c e s s i n g  i n d u s t r i e s .  
Material Problem for Pressure-Fed Launch Vehicle Tankage 
To n a t h h g  Zhe 4eqLLin.emen-t~ 0 6  Lam matehide cold, Low 6abkica;tion coot, 
and h i g h  load c m y i n g   c a p a b i u y ,  a matehid choice campahinon wan made 
@om among Zhkee a t e e l  &lo  yo. 
A minimum-weight design s tudy had been performed a t  Boeing  us ing  three  
weldable  s t ee l  a l l o y s .  The material p r o p e r t i e s  o f  i n t e r e s t  are l i s t e d  
below: 
T e n s i l e   Y i e l d  Ultimate T e n s i l e  Raw Material 
Material S t r eng th   (1000   p s i )   S t r eng th  (1000 p s i )  Price ( $ / l b )  
HY-150 
9Ni-4Co-0.25C 
140 
170 
155 
195 
0.45 
1.60 
1 8 N i  (200) 200  225  2.35 
The  above materials were c o n s i d e r e d  f o r  u s e  i n  f a b r i c a t i n g  a 240-inch- 
d i a m e t e r   f i r s t - s t a g e   t a n k   c o n t a i n i n g   1 . 4  x lo6 l b   o f  N204/UDMH. Tank 
p r e s s u r e s  were n e a r  350 p s i g  ( l i m i t ) .  Tank l e n g t h  was about  780 i n c h e s .  
The  two h i g h e r - s t r e n g t h  materials r e q u i r e  a Y-ring a t  t h e  j u n c t u r e  o f  
heads ,   bu lkhead ,   and   cy l inde r ;   t he  HY-150 tank   does   no t .  The  two h i g h e r  
s t r e n g t h  s teels  were g round  to  125-mic ro inch  f in i sh  on bo th  s ides  because  
o f  t h e i r  f l a w  s e n s i t i v i t y .  The HY-150 p l a t e  was ground  on  one  s ide  only 
t o  f a c i l i t a t e  t a n k  c l e a n i n g .  
The h igh-depos i t ion  gas-meta l  a rc  weld ing  method can  be  used  on  the  HY-150 
t a n k ,  b u t  t h e  o t h e r  two s teels  r e q u i r e  t h e  s l o w e r  g a s - t u n g s t e n  a r c  m e t h o d .  
In spec t ion  r equ i r emen t s  f o r  t h e  two h i g h e r - s t r e n g t h  s tee ls  a r e  g r e a t e r  d u e  
t o  t h e i r  r e l a t i v e l y  small c r i t i c a l  f l a w  s i z e .  
Material Trades  fo r  Eaua l  Func t ion  
The o r i g i n a l  s t u d y  showed a s u b s t a n t i a l  c o s t  a d v a n t a g e ,  b u t  h i g h e r  w e i g h t ,  
f o r  t h e  u s e  of HY-150. 
Material Tank  Weight ( lb )   Cos t  p e r  U n i t   f o r  10 Uni t s  ($1000) 
HY-150 99,400 2.4 6 
9Ni-4Co-0.25C 86,300  661 
18Ni (200) 78,500  85 5 
F o r  t a n k a g e  s i z e d  u s i n g  t h e s e  t h r e e  materials t o  p r o d u c e  e q u a l  s t r e n g t h  
des igns  , t h e  SCOT comparison i s  shown in   F igu re   3 .4 -1 .  The HY-150 and 
maraging s tee ls  h a v e  e q u a l  c o s t  e f f e c t i v e n e s s  f o r  a marg ina l  cos t  o f  
$ 2 9 / l b .   T r a n s p o r t a t i o n   c o s t   a n a l y s i s ,   e a r l y   i n   t h i s   s t u d y ,  showed a f i r s t -  
s t a g e   t r a n s p o r t a t i o n   c o s t  of from  $4O/lb t o   $ 7 0 / l b .   T h i s   a n a l y s i s  was 
er roneous  and  was a n  e v a l u a t i o n  o f  t o t a l  r a t h e r  t h a n  m a r g i n a l  t r a n s p o r -  
t a t i o n   c o s t   ( s e e   S e c t i o n  2 . 2 ) .  I n  f a c t ,  f o r  a new l a u n c h   v e h i c l e ,   t h e  
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first-stage marginal transportation  cost  is  nearly  zero,  and  HY-150  is 
clearly  the  cost  effective  material. 
Because of the  lack of fracture  toughness  inherent  in  the  9Ni-4Co-0.25C 
and  the  18Ni(200) steels, tanks  made  of  these  materials will not  have  the 
same  reliability  as  the  HY-150  tank.  Consequently,  some  of  these  tanks 
will not  survive  proof  tests,  which will increase  the  price  of  the  surviv- 
ing  tanks.  To  bring  the  tank  designs  to  equal  reliability,  stress  levels 
must  be  reduced  in  the  flaw-sensitive  materials so that  critical  flaw 
size  is  increased  to  a  detectable  level.  When  this  is done, the  SCOT 
comparison shown in  Figure 3 . 4 - 2  is  developed. For the  assumptions made, 
the  Hy-150  is  cost  effective  for aZZ values  of  transportation  cost.  Costs 
decrease  for  the  flaw-sensitive  materials  because  the  increased  tank  gages 
permit  design  simplification.  This  comparison  shows  the  importance  of 
assuring  equal  reliability when design  concepts  are  traded. 
Research  ImDlications 
A better  understanding  of  fracture  properties  and  mechanisms  is  indicated 
for  candidate,  highly  stressed  materials.  Improved  inspection  methods 
and  equipment  are  required  to  permit  flaw  detection.  Careful  work  is  re- 
quired  to  understand  the  compatibility of materials  and  fluids  contained 
with  respect  to  the  initiation of stress  corrosion. 
Lower strength, "boiler  code"  materials do have a  proper  place  in  economi- 
cal pressure  vessel  design  for  pressure-fed  liquids  and  solid  propellants. 
Early  consideration is required  to  foresee  and  evaluate  the  total  system 
that  uses such materials. HY-150 merits  specific  attention  for  new 
booster  tank  design,  especially  for  transportation  costs  below  $100/lb. 
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I 
4,O SYSTEMS STUD IES 
The Ro le  o f  S t ruc tu re  Wi th in  the  Sys t em 
. .. 
One o f  t h e  p r i m a r y  g o a l s  o f  t h i s  s t u d y  e f f o r t  was t o  relate s t r u c t u r a l  
r e s e a r c h  t o  areas where  economic  gain  could  be  real ized.   Economic  gain 
i n   w h a t ?  Not j u s t  t h e  d i r e c t  c o s t  o f  v e h i c l e  s t r u c t u r e ,  s i n c e  t h a t  i s  
one of t h e  least  cos t ly  e lements  of  a space  program,  but  economic  ga in  
i n  t h o s e  a r e a s  o f  t h e  s y s t e m  w h e r e  h i g h  c o s t s  are i n c u r r e d  b e c a u e  o f  t h e  
s t r u c t u r a l   s u b s y s t e m .   S t r u c t u r e   u s u a l l y   a c c o u n t s   f o r  a l a r g e   p o r t i o n  of 
a s p a c e c r a f t ' s   w e i g h t ;   t h e r e f o r e ,   t h e   t r a n s p o r t a t i o n   ( b o o s t )   c o s t s   a r e   o f  
s p e c i a l  c o n c e r n  b e c a u s e  t h e y  are a n  i m p o r t a n t  i n c r e m e n t  o f  t h e  t o t a l  c o s t .  
A c o n v e n t i o n a l  s p a c e c r a f t  w e i g h t  s t a t e m e n t  i s  usua l ly  b roken  down by sub- 
system. The s t r u c t u r e   w e i g h t  is t h e  sum o f   t h a t   s e p a r a t e ,   l o a d - c a r r y i n g  
a s s e m b l y ,  c a l l e d  p r i m a r y  s t r u c t u r e ;  a n d  t h o s e  d i s t i n c t  b r a c k e t s ,  s h i e l d s ,  
e tc . ,  c a l l e d   s e c o n d a r y   s t r u c t u r e .  The o the r   subsys t ems  are f u l l  of s t r u c -  
t u r e ;  a t  l e a s t   t h e y   h a v e  many s t r u c t u r a l   p r o b l e m s .   T u r b i n e   b l a d e s   c r e e p ,  
seals c o l d - f l o w ,   b e a r i n g s   g a l l ,   a n d  s o  on. A b e t t e r   u n d e r s t a n d i n g   o f  
o the r  subsys t ems  by s t r u c t u r e s  e n g i n e e r s  i s  n e c e s s a r y  t o  p r o p e r l y  r e f l e c t  
t h e  c o s t - w e i g h t  b a l a n c e  a n d ,  o f  c o u r s e ,  t h e  f u n c t i o n a l  r e l i a b i l i t y .  
F i n a l l y ,  t h e  h i g h  n o n r e c u r r i n g  c o s t s  o f  i n t e g r a t i n g  o t h e r  s u b s y s t e m s  ( s u c h  
as e n v i r o n m e n t a l  c o n t r o l ,  e lec t r ica l  power,  and c r e w  s u p p o r t )  w i t h  a vehi-  
c le  s t r u c t u r e  are o f t e n   o v e r l o o k e d .   F r e q u e n t l y ,   t h e s e   i n t e g r a t i o n   c o s t s  
are f o u n d  a p p l i e d  t o  t h e  s t r u c t u r e ,  s i n c e  t h e y  r e p r e s e n t  a s s e m b l y  a n d  in- 
s t a l l a t i o n   o p e r a t i o n s  on s t r u c t u r e .   A n a l y s i s   u s u a l l y   s h o w s   t h a t   s u c h   i n -  
t e g r a t i o n  c o s t s  are p e c u l i a r  t o  a g iven  s t ruc tu ra l  a r r angemen t  and  wou ld  
b e  i n c u r r e d  a g a i n  f o r  a n o t h e r  a r r a n g e m e n t .  
& p l i c a t i o n  of Cost  Techniques t o  Syetems 
Economic t o o h  a m  availuble ;to apply minimum cob$ clb a g o d  dote bgh.tern 
planning. 
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S e c t i o n  2.0 p r e s e n t s  some t o o l s   f o r   e c o n o m i c   a n a l y s i s .   C o n c e p t   s e l e c t i o n  
t e c h n i q u e  ( S e c t i o n  2 . 3 )  a n d  c o n f i g u r a t i o n  b y  e c o n o m i c  a n a l y s i s  ( S e c t i o n  
2.5) are s p e c i f i c a l l y   s y s t e m   a n a l y s i s   m e t h o d s .  SCOT ( S e c t i o n  2 . 4 )  is  ap- 
p l i c a b l e  a t  the   pa r t ,   subsys t em,   and   sys t em  l eve l .   Cos t   t echno logy   (Sec -  
t i o n  2 .1)  a n d  t r a n s p o r t a t i o n  c o s t s  ( S e c t i o n  2 . 2 )  are b a s i c  t o  any  cost  
a n a l y s i s .  
The  me thods  desc r ibed  in  Sec t ion  2 .0  are n o t  a complete l i s t ,  b u t  t h e y  are 
t h o s e  t h a t  h a v e  b e e n  u s e d  d u r i n g  t h i s  s t u d y .  O t h e r  m e t h o d s  a n d  d i f f e r e n t  
a p p l i c a t i o n s  o f  t h o s e  l i s t e d  s h o u l d  b e  d e v e l o p e d .  
F igu re  4.0-1 d e p i c t s  s c h e m a t i c a l l y  t h e  a p p l i c a t i o n  of c o s t  t o o l s  t o  s y s -  
tems problems  and  the  consequent   dropout  of  s t r u c t u r a l  r e s e a r c h  i m p l i c a -  
t i o n s  . 
Maximum Performance and Minimum Cost 
A des ign  ph i losophy  has  come i n t o  t h e  a e r o s p a c e  f i e l d  a f t e r  l o n g  u s e  i n  
a e r o n a u t i c a l   d e s i g n .   I n   a e r o n a u t i c a l   e n g i n e e r i n g ,   t h e   r e l a t i v e l y  low 
c o s t  o f  s t r u c t u r e  a n d  t h e  h igh  cos t  o f  excess  we igh t  l ed  to  "boundary  va l -  
u e ' '  s o l u t i o n s  of economic  opt imiza t ion- - - the  leas t -weight  des ign  y ie lds  
t h e   l e a s t - c o s t   s y s t e m .  Launch v e h i c l e   l i m i t a t i o n s  made t h e  minimum-weight 
a p p r o a c h  m a n d a t o r y  u n t i l  r e c e n t l y .  
The a d v e n t  o f  l a r g e r  l a u n c h  v e h i c l e s  , such as i n  t h e  T i t a n  and S a t u r n  fam- 
i l ies ,  h a s  made p o s s i b l e  a look a t  system economics by the matching of  
payload  and  launch  vehicle .   Future ,   more  expensive,   developments  w i l l  
have  to  cons ider  sys tem economics  even  more .  
F igu re  4.0-2 i l l u s t r a t e s  t h e  d i f f e r e n c e  b e t w e e n  a cost   and  performance 
o p t i m i z e d   d e s i g n   f o r  a two-stage-to-orbi t   launch  vehicle .   Performance 
o p t i m i z a t i o n  i s  assumed t o  b e  minimum weight  a t  l aunch .   P rope l l an t s  are 
LOX/RP-1 i n  t h e  f i r s t  s t a g e  and LOX/LH? i n   t h e   s e c o n d   s t a g e .  Launch 
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Figure 4.0-1 : THE SYSTEMS COST APPROACH TO STRUCTURAL  RESEARCH 
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v e h i c l e  f i r s t - u n i t  r e c u r r i n g  c o s t  i s  p l o t t e d  v e r s u s  b u r n o u t  v e l o c i t y  of 
t h e  f i r s t  s t a g e ,  f o r  a payload  of  100,000 pounds. It c a n  b e  s e e n  t h a t  . t h e  
cos t -op t imized  des ign  s t ages  a t  a c o n s i d e r a b l y  h i g h e r  v e l o c i t y  a n d  is 
s i g n i f i c a n t l y  l o w e r  i n  c o s t .  
Systems  Studies  
T h i s  s e c t i o n  s u m m a r i z e s  f i v e  s y s t e m  s t u d i e s  a n d  t h e i r  s t r u c t u r a l  r e s e a r c h  
i m p l i c a t i o n s .  The f i v e   s t u d i e s  are: 
1) S e l e c t i o n   o f   e n t r y   v e h i c l e   c o n f i g u r a t i o n ;  
2)  Space  mission  module  commonality;  
3) * A ''new s tar t"  l a u n c h   v e h i c l e ;  
4 )  Ear th   l aunch   veh ic l e   compar i son   fo r  manned Mars m i s s i o n ;  
5) C o s t   s e n s i t i v i t y   a n a l y s i s   f o r  manned Mars mis s ion .  
Numerous o t h e r  s t u d i e s  are s i g n i f i c a n t ,  a n d  i t  is  h o p e d  t h a t  a d d i t i o n a l  
work   can   be   done   a long   these   l ines .  The y i e l d  i n  i d e n t i f i c a t i o n  a n d  j u s -  
t i f i c a t i o n  o f  r e s e a r c h  a p p e a r s  t o  w a r r a n t  t h e  e f f o r t .  
4 . 1  SELECTION OF ENTRY VEHICLE CONFIGURATION 
Importance of  Entry Vehicles  in  the Space Program 
A con t inu ing  emphas i s  on  en t ry  veh ic l e  des ign  i s  appropr i a t e  because  o f  
t he  seve r i ty  o f  t he  env i ronmen t  and  the  ex t r eme ly  h igh  cos t  and  v i t a l  
n a t u r e  of t h i s   p h a s e   o f   s p a c e   o p e r a t i o n s .  It i s  i m p o r t a n t   t h a t   e n t r y  ve- 
h i c l e  c o n f i g u r a t i o n  b e  u n d e r s t o o d  i n  t h e  l i g h t  o f  t o t a l  s y s t e m  c o s t  s o  
tha t  p rope r  emphas i s  can  be  p l aced  on t h e  r e q u i r e d  r e s e a r c h .  
The etudy summarized i n  t h i s  sect ion demonstrates a method far e n t r y  ve- 
h i c l e  c o n f i g u r a t i o n  s e l e c t i o n  f o r  a g i v e n  set of missions, and various 
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mixes   o f   those   miss ions ,   where   sys tem  cos t  is used as t h e   c r i t e r i o n .   A l s o  
cons ide red  were s e p a r a t e  v e h i c l e s  f o r  e a c h  m i s s i o n  v e r s u s  m u l t i m i s s i o n  
v e h i c l e s ,  e n t r y  v e h i c l e  r e u s e ,  and t h e  e f f e c t  o f  l a u n c h  v e h i c l e  t r a n s p o r -  
t a t i o n  c o s t  o n  c o n f i g u r a t i o n  s e l e c t i o n .  
The t h r e e  m i s s i o n s  s e l e c t e d  f o r  t h i s  s t u d y  and t h e i r  assumed  requirements 
are summarized  below. 
E n t r y  V e h i c l e  S i z e  
Equivalent   Cargo Lateral  Maneuver 
S i z e  Reqd (Payload)  Range AV 
Mission (No. of Men) C r e w  W t  ( l b )  (n  m i )  ( fPS 1 
S a t e l l i t e  6 2 1100 
I n s p e c t   i o n  
600 5000 
L o g i s t i c s  1 2  6 1700 200 1000 
Re con--- 
Once  Around 2 1 300 1200 0 
A d d i t i o n a l  d e t a i l  may he found in  the backup document ,  D2-114116-2. 
The Lateral  Range Trade 
F igu re  4.1-2  shows a t y p i c a l  p l o t  of boos t ed  we igh t  ve r sus  hype r son ic  L I D  
f o r   t h e   s p e c i f i e d   c o n d i t i o n s .  The p a r t i c u l a r   r e q u i r e m e n t s   s t a t e d   p r o d u c e  
a s h a r p l y   d e f i n e d   l e a s t - w e i g h t   p o i n t  a t  L I D  = 1. Conf igura t ions   having  
less L I D  r e q u i r e  l a t e r a l  m a n e u v e r  p r o p u l s i o n ,  w h i c h  i n c r e a s e s  t h e i r  b o o s t -  
ed  we igh t .  En t ry  veh ic l e s  hav ing  h ighe r  L I D  weigh  more  and  have  excess 
l a t e r a l  r a n g e  c a p a b i l i t y .  
O t h e r  m i s s i o n  r e q u i r e m e n t s  p r o d u c e  d i f f e r e n t  b o o s t e d  w e i g h t  r e l a t i o n s h i p s .  
I t  i s  e s s e n t i a l  t h a t  t h e s e  r e q u i r e m e n t s  b e  c a r e f u l l y  d e f i n e d  b e c a u s e  t h e y  
have a s t r o n g  i n f l u e n c e  on c o n f i g u r a t i o n  s e l e c t i o n .  
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How Cos t  Cons ide ra t ions  Af fec t  t he  Trade  
F i g u r e  4.1-2 showed t h e  d i f f e r e n c e  i n  b o o s t e d  w e i g h t  a t t e n d a n t  t o  e n t r y  
v e h i c l e   c o n f i g u r a t i o n .  The e v a l u a t i o n   o f   t h a t   w e i g h t   i n  terms o f   c o s t  
c a n  p r e s e n t  a q u i t e  d i f f e r e n t  p i c t u r e ,  s ince e n t r y  v e h i c l e  a n d  p r o p u l s i o n  
s t a g e  c o s t s  are s u b s t a n t i a l l y  d i f f e r e n t .  
F igu re  4 .1 -3  shows  the  f i r s t -un i t  r ecu r r ing  cos t s  fo r  en t ry  veh ic l e s  and  
expendab le   p ropu l s ion   s t ages .   Nonrecur r ing   cos t s  (R&D) were assumed t o  b e  
$ 1  x l o 9  f o r  a p r o p u l s i o n  s t a g e  a n d  a s i n g l e  m i s s i o n  e x p e n d a b l e  e n t r y  
veh ic l e ,  and  $1 .5  x lo9  f o r  a mul t imi s s ion  expendab le  en t ry  veh ic l e .  
S tudy  Resu l t s  
The e n t r y  v e h i c l e  c o n f i g u r a t i o n  s t u d y  results are shown in  F igure  4 .1-4 .  
The c o s t s  d i s p l a y e d  are f o r  a t o t a l  p rogram and inc lude  cos ts  for  boos t -  
i ng ,  maneuver  p ropu l s ion  s t age ,  en t ry  veh ic l e  and  adap te r ,  boos t e r  e scape  
and   r e t ro   sys t ems ,   pay load ,   r ecove ry ,   and   t r ack ing .   Bo th   r ecu r r ing   and  
n o n r e c u r r i n g  costs are inc luded .  A t o t a l  program  of 90 m i s s i o n s  w a s  as- 
sumed and a 9 0 %  l e a r n i n g  c u r v e  a p p l i e d  t o  a l l  r e c u r r i n g  c o s t s .  
The d a t a  i n  F i g u r e  4.1-4 are f o r  an assumed boos t  cos t  o f  $500/ lb  in  orb i t .  
The s t u d y  a l s o  c o n s i d e r e d  b o o s t  c o s t s  o f  $ 1 0 0 0  a n d  $ 1 5 0 0 / l b  i n  o r b i t .  
The fo l lowing  s e t  of  conclusions can be drawn from this  s tudy:  
1) F o r   t h i s  set o f   m i s s i o n s ,   t h e   t o t a l   p r o g r a m   c o s t s  are r e l a t i v e l y   i n -  
s e n s i t i v e  t o  t h e  e n t r y  v e h i c l e  L/D; 
2) The  "best" L /D c a n   b e   i n f l u e n c e d  by mission  mix as w e l l  as t h e   t y p e s  
of missions ; 
3) The least-weight aystem is not t h e   l e a s t - c o s t  system; 
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Figure 4.1-4: ENTRY  VEHIC'LE L/D - MISSION COST TRADES 
The i n c r e a s e  i n  r e c u r r i n g  c o s t s  f o r  a m u l t i m i s s i o n  v e h i c l e  is more 
than  compensated  by i ts  reduced R&D c o s t  p e r  f l i g h t ;  
Total   program cost r e d u c t i o n  f o r  r e u s a b l e  e n t r y  v e h i c l e s  ( f i v e  e f f e c -  
t i v e  u s e s )  is s i g n i f i c a n t ,  b u t  n o t  a s t o u n d i n g ;  
I n c r e a s e d  b o o s t  c o s t s  h a v e  l i t t l e  e f f e c t  on t h e  m u l t i m i s s i o n  v e h i c l e  
LID s e l e c t i o n  f o r  e n t r y  v e h i c l e s  h a v i n g  o n e  e f f e c t i v e  u s e ,  b u t  s i g -  
n i f i c a n t  e f f e c t  on e n t r y  v e h i c l e s  w i t h  f i v e  e f f e c t i v e  u s e s ;  
The e f f e c t  o f  c h a n g e s  i n  R&D c o s t s  w i t h  e n t r y  v e h i c l e  LID shou ld  be  
i n v e s t i g a t e d .  
Research   Impl ica t ions  
Miss ion  r equ i r emen t s  fo r  l a t e r a l  range  are a l l - i m p o r t a n t  i n  d e f i n i n g  a n  
e n t r y   v e h i c l e   c o n f i g u r a t i o n .  The 
of a n  e n t r y  v e h i c l e  w i t h  i n h e r e n t  
a combina t ion  o f  an  en t ry  veh ic l e  
a b l e  b o o s t e r  limits the thrown wei 
range  i s  the   on ly   r ecour se .   Cos t  
medium t o  low L I D  v e h i c l e  w i t h  a n  
miss ion   requi rements  are n o t  compl 
l ea s t -boos ted -we igh t  sys  t e m  c o n s i s t s  
l a t e r a l  r a n g e  c a p a b i l i t y ,  r a t h e r  t h a n  
and a p r o p u l s i o n   s t a g e .  Where an avai l -  
gh t ,   a e rodynamic   a t t a inmen t   o f  l a t e r a l  
e f f e c t i v e  d e s i g n  cal ls  f o r  u s e  o f  a 
a p p r o p r i a t e   p r o p u l s i o n   s t a g e .   F u t u r e  
e t e l y  c l e a r ,  b u t  i t  a p p e a r s  t h a t  e n t r y  
v e h i c l e  r e s e a r c h  s h o u l d  b e  c o n c e n t r a t e d  i n  t h e  l o w  t o  medium L I D  range .  
Continued  work  should  be  done on d e v i s i n g  c h e a p e r  e n t r y  v e h i c l e s  a n d  con- 
c e p t s  f o r  w h i c h  p e r - f l i g h t  m a i n t e n a n c e  i s  5% o r  less o f  t h e  f i r s t  c o s t .  
4 .2  SPACE  MISSION MODULE COMMONALITY 
Need fo r  t he  Space  Miss ion  Module 
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The SMM is t h e  m i s s i o n  e l e m e n t  t h a t  p r o v i d e s  f o r  t h e  s a f e t y  a n d  w e l l - b e i n g  
of a s t r o n a u t s  o n  a long-dura t ion   space   miss ion .  I t  may o r  may not   have 
a n   i n t e g r a t e d   e x p e r i m e n t   f u n c t i o n .  When long-dura t ion  manned s p a c e  f l i g h t  
does occur ,  a q u a l i f i e d  SMM w i l l  b e  r e q u i r e d .  
Recent  Boeing s tudies  show t h a t  t h e  SMM w i l l  cost  between $ 3  b i l l i o n  a n d  
$6 b i l l i o n  o v e r  t h e  d e v e l o p m e n t ,  tes t ,  a n d  o p e r a t i o n  c y c l e  o u t  t o  a Mars 
landing   miss ion .  An e x p e n d i t u r e   t h i s   l a r g e   d e s e r v e s   s p e c i a l   a t t e n t i o n   t o  
e c o n o m i c  a l t e r n a t e s .  
D i f f e rences  in  Requ i remen t s  
Figure  4.2-1  displays  four-man  and  six-man SMM weigh t s  as a func t ion  o f  
mis s ion  time f o r  Mars f lyby  and  cap tu re  mis s ions ,  an  Ea r th  o rb i t  ( synchron-  
ous)   miss ion ,   and  Venus miss ions .   Also  shown are the  expended  weights .  
No te   t he   a s sumpt ions   l i s t ed  on t h e  f i g u r e .  
The w e i g h t  s p r e a d  f o r  a g iven  miss ion  time is  due t o  t h e  d i f f e r e n c e  i n  
e l e c t r i c a l  power  system  weight as a func t ion  o f  t he  d i s t ance  f rom the  Sun. 
Alternate Development Concepts 
Thehe m e  thnee b a n i c  &etuzativeh t o  SMM development 44om w h i c h  a m i n i m u m  
c a n t  development can be chon en: 
7 )  F u R e  opa2miza;tion 604 i n d i v i d d  m i n s i o ~ ;  
2 )  OpLLmized n&uctwte 604 i n d i v i d d  m i n a i o r ~  u2.h common nubnystetm; 
3 )  A muRtiminnion vehicle  a6 completely common denign. 
The b a s i c  t r a d e  b e t w e e n  a l t e r n a t e  SMM c o n c e p t s  i n v o l v e s  t h e  s a v i n g s  i n  a 
s ingle  deve lopment  as b a l a n c e d  b y  t h e  r e q u i r e m e n t  t o  accelerate t h e  r e s u l -  
t a n t  h e a v i e r ,  off-optimum v e h i c l e .  
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Figure 4.2-1: SPACE MISSION MODULE WEIGHTS 
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The m i s s i o n  m i x  a g a i n s t  w h i c h  t h e  t h r e e  SMM development concepts were com- 
pa red  invo lved  f ive  low-Ear th -o rb i t  mi s s ions  as a n a t i o n a l  s p a c e  s t a t i o n  
(NSS), two  Venus f lyby  mis s ions  (VFM), a n d  f i v e  Mars l ande r  mis s ions  (MLM).  
A six-man crew w a s  assumed f o r  a l l  m i s s i o n s  t o g e t h e r  w i t h  a t i m e  p e r i o d  
from  1970 t o  1 9 8 0 .  S a t u r n  V w a s  assumed as t h e  E a r t h  l a u n c h  v e h i c l e ,  w i t h  
nuc lea r  space  p ropu l s ion  modu les  added  fo r  Mars cap tu re  and  e scape .  
The t y p e s  o f  s u b s y s t e m s  u t i l i z e d  i n  t h e  c o s t i n g  e x e r c i s e  are b r i e f l y  sum- 
marized below. 
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Figure  4.2-2 is a schemat i c   o f   t he   t h ree  SMM development  concepts.  Alter- 
n a t e  1 c o n s i d e r s  t h a t  e a c h  o f  t h e  t h r e e  b a s i c  m i s s i o n  m o d u l e s  is developed 
b y   d i f f e r e n t   s u b c o n t r a c t o r s   a n d   p r i m e   c o n t r a c t o r s .  A d e r i v a t i v e  of Alter- 
n a t e  1 could  cons ider  a degree of technology drawn from preceding devel- 
opments. It is f e l t ,   h o w e v e r ,   t h a t   t h e   t h r e e  alternates c h o s e n   r e p r e s e n t  
t he  r ange  o f  ways i n  which an SMM development would proceed. 
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Figure 4.2-2: SMM  DEVELOPMENT  CONCEPTS 
Cost  Elements 
Coht e l e m e d  tlequhed t o  did@tlentLate among the. thtlee development con- 
ceph atre, i n  m a t n i x  d o m ,  hubhyhtemh i n  t h e  vehLicd atrtray and  banic REV, 
managemeni and i n t e g m o n ,  harrchme, and X.mnhpoltta;tion i n  t h e  h o n i z o n t d  
m a y  (Figwre 4 . 2 - 3 ) .  
Tota l  p rog ram cos t  is t o  b e  u s e d  t o  e v a l u a t e  t h e  t h r e e  d e v e l o p m e n t  c o n c e p t s .  
It is e s s e n t i a l  t h a t  a l l  c o s t s  b e  c o n s i d e r e d  a n d  a p p l i e d  f a i r l y  t o  e a c h  
a l t e r n a t e .  
Basic R&D i n v o l v e s  a l l  cos t s  fo r  t he  des ign ,  deve lopmen t ,  manufac tu r ing ,  
and   t e s t ing   o f   an  item p r i o r  t o  f i r s t  f l i g h t  a r t i c l e  i n t e g r a t i o n .   T h i s  
c a t e g o r y  c o l l e c t s  t h e  c o s t s  of a l l  ground test u n i t s .  
Management a n d  i n t e g r a t i o n  i n c l u d e s  t h o s e  c o s t s  f o r  i n t e g r a t i n g  a n d  assem- 
b l i n g   s u b s y s t e m s   i n t o  a sys tem.   Also   inc luded  is the  system-level   check-  
out   and   acceptance   o f  a l l  subsystems on the   assembled   spacecraf t .   Ground 
suppor t   equipment ,   l aunch  s i t e  s u p p o r t ,   t r a i n i n g ,   a n d   s i m u l a t o r s  are a l s o  
i n c l u d e d   i n   t h e  management  and i n t e g r a t i o n   c o s t   e l e m e n t .   F i n a l l y ,   t h i s  
c a t e g o r y  i n c l u d e s  t h e  c o s t s  o f  i n t e g r a t i n g  t h e  SMM w i t h  o t h e r  f l i g h t  u n i t s .  
G e n e r a l l y ,  t h e  c o s t s  i n  t h e  management  and in t eg ra t ion  cos t  e l emen t  can -  
n o t  b e  a l l o c a t e d  b y  s u b s y s t e m .  
The ha rdware  cos t  e l emen t  i nc ludes  spa res .  
T r a n s p o r t a t i o n  c o s t s  e n t a i l  p r o p u l s i o n  h a r d w a r e  c o s t s ,  l a u n c h  a n d  f l i g h t  
opera t ion ,   recovery ,   in tegra t ion ,   and   management .   In   addi t ion ,  R&D c o s t s  
are i n c l u d e d  f o r  t h e  s p a c e  p r o p u l s i o n  m o d u l e s  i n  t h e  Mars l a n d e r  m i s s i o n .  
" " 
Study-Results 
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Figure 4.2-3: SMM COST ELEMENT MATRIX 
Figure  4.2-4  shows cost  comparisons among t h e  t h r e e  SMM development al ter-  
n a t e s .  The s h a d e d - b a r   c o m p a r i s o n   e x c l u d e s   t r a n s p o r t a t i o n   c o s t s ;   t h e   o p e n  
b a r s  i n c l u d e  t r a n s p o r t a t i o n .  
E x c l u d i n g  t r a n s p o r t a t i o n  c o s t s ,  A l t e r n a t e  3 i s  i n d i c a t e d  t o  b e  t h e  least  
expensive  approach,   fol lowed  by Alternates 2 and 1. SMM development A l -  
t e r n a t e  3 ( s i n g l e  common SMM) h a s  a c o s t  t h a t  is  $2.6 b i l l i o n  o r  30% less 
t h a n  A l t e r n a t e  1, a n d  a p p r o x i m a t e l y  $ 1 . 4  b i l l i o n  o r  20% less than  Alter- 
n a t e  2. 
I n c l u d i n g   t r a n s p o r t a t i o n   c o s t s   t e n d s   t o   e q u a l i z e  a l l  a l t e r n a t e s .   T r a n s -  
p o r t a t i o n  r e p r e s e n t s  6 8  t o  78% o f   t h e   t o t a l   p r o g r a m   c o s t s .   T r a n s p o r t a t i o n  
c o s t s  a s s u m e d  f o r  t h i s  SMM s t u d y  were $ 1 4 0 0 / l b  f o r  t h e  NSS, $9350/1b f o r  
the' Venus f lyby   miss ion ,   and   $73 ,27O/ lb   for   the  Mars lander   miss ion .   F ig-  
ure 4.2-4 w a s  d e v e l o p e d  u s i n g  t h i s  d a t a  a n d  shows A l t e r n a t e  3 s l i g h t l y  
less c o s t l y  t h a n  t h e  o t h e r  two a l t e r n a t e s ,  b u t  a l l  t h r e e  w i t h i n  a 7% 
sp read .  
A d d i t i o n a l  w o r k  d o n e  o n  t r a n s p o r t a t i o n  c o s t s  f o r  Mars l a n d e r  m i s s i o n s  i n -  
d i c a t e s  t h a t  m a r g i n a l  t r a n s p o r t a t i o n  c o s t s  are less than   $73 ,00O/ lb   ( see  
Sec t ion   4 .5)  . 
I t  a p p e a r s  t h a t  t h e r e  i s  a decided  economic  advantage  to  development  of 
a common SMM f o r  manned space  exp lo ra t ion ,  p rov ided  a long-range  space  
p rogram has  been  de f ined  and  so ld ,  and  p rov ided  adequa te  de f in i t i on  of 
a l l  mis s ion  r equ i r emen t s  is p o s s i b l e  a t  t h e  s ta r t  of development.  
Resea rch  Impl i ca t ions  
Since Xhe impo&ance 06 .the SMM and Xhe economic a d v m a g e  06 a common 
danign have been demonnR;ttated, b&Uc/tWLd? nanatrch bhouLd ptroceed Zowahd 
dad ion  06 mu&%nhnion necjuitreme&. 
Deep-space meteoroid environment knowledge must be improved by deploying  
large-area Pegasua-type probea. An evaluation is r e q u i r e d  t o  demonst ra te  
t h e  s e n s i t i v i t y  of SMM des ign  to  upda ted  me teo ro id  flux i n fo rma t ion .  
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Mult imiss ion  requi rements  should  be  assessed  wi th  a view t o  what  cons t i -  
tutes  commonality.   Weight i s  important ,   and i t  should  be  determined  what  
a s p e c t s  o f  t h e  s t r u c t u r a l  s u b s y s t e m  c a n  b e  m i s s i o n - t a i l o r e d  w i t h o u t  v i o -  
l a t i n g   t h e   f u n d a m e n t a l  cost advantage  of  a common module. I t  is sus-  
p e c t e d  t h a t  a n  e x t e r n a l ,  n o n i n t e g r a t e d  m e t e o r o i d  s h i e l d  c o u l d  b e  made 
m i s s i o n  p e c u l i a r .  
S tudy  of  the  common SMM f o r  u s e  as a luna r  base  shou ld  be  pu r sued .  
Developmental work i n  a l l  t echno log ie s  mus t  p roceed  wi th  the  bas i c  long-  
l i f e  SMM requi rements   in   mind .  Maximum advantage   should   be   t aken   of   Apol lo  
and MOL t e c h n o l o g y .   S p e c i f i c   s t r u c t u r a l   r e s e a r c h   r e q u i r e m e n t s   s h o u l d   b e  
f u r t h e r  d e f i n e d .  
T i m e  i s  of t h e   e s s e n c e .  A common des ign  SMM shou ld   t ake   ove r   l onge r   Ea r th -  
o r b i t  f l i g h t s  a f t e r  t h e  S-IVB workshop i n  t h e  e a r l y  1 9 7 0 ' s .  
4 . 3  A "NEW-START" LAUNCH VEHICLE 
Launch Vehicle Design Trends 
A patrameXhic d t u d y  W ~ A  p u d o m e d  .to bhow &e e6dectb 06 cod2 on condi5utr- 
i n5  a n u  Launch vehicle.  
Many conf igu ra t ion  dec i s ions  wou ld  have  to  be  made f o r  a new launch  vehi -  
c le ,  g iven   t he   r equ i r emen t   t o   deve lop  i t .  These   dec i s ions   i nc lude   cho ice  
o f  p r o p e l l a n t s ,  p a y l o a d  s i z e ,  s t a g i n g  p h i l o s o p h y ,  a n d  d e g r e e  of recovery .  
The s tudy  summar ized  he re  cons ide r s  a t w o - s t a g e  l a u n c h  v e h i c l e  t o  100-n m i  
o r b i t   w i t h   p a y l o a d s   o f  100,000, 1,000,000, and 10,000,000 pounds.   Trade 
v a r i a b l e s  are LOX/LH2 v e r s u s  
from 8000 t o  1 6 , 0 0 0  f t / s e c .  
The pu rpose  o f  t he  s tudy  w a s  
s i g n s .  
LOX/RP-l f i r s t  s t a g e s  a n d  s t a g i n g  v e l o c i t i e s  
Second s tages  are always LOX/LH 2' 
t o  compare performance and cost  optimized de- 
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Cost Elements of Launch V e h i c l e s  
Con2 &uzncib necudatry t o  e v d u a t e  a ne.w-b;tant Launch vehicle  can be de- 
nived @om codt data hotr exinling Launch vehicle p h u g t r m .  
Launch v e h i c l e  s t a g e  c o s t  t r e n d s  were e s t a b l i s h e d  as p a r t  of a program t o  
e v a l u a t e   p r o g r a m   c o s t s   f o r  a manned Mars l and ing   mi s s ion .   These   t r ends  
are summarized i n  F i g u r e s  2 . l - 2  and -3, 4.3-1  and  -2. Data u s e d  f o r  
t h e s e  f i g u r e s  are taken  pr imar i ly  f rom Reference  2 .  
F igure   4 .3-1   shows  the   deve lopment   cos ts   o f   engines   for  LOX/LH 
LOX/RP-1, a n d   s t o r a b l e   p r o p e l l a n t s .  The c o s t s  shown are f o r  t h e  time from 
s ta r t  of  program t o  f i r s t - u n i t  p r o d u c t i o n  a n d  i n c l u d e  g r o u n d  tes t  u n i t s  
a n d   t h e i r   t e s t i n g .  They d o  n o t  i n c l u d e  f a c i l i t i e s  o r  f l i g h t  t es t  c o s t s .  
2 '  
Engine  development  cos t  cor re la t ions  show a d e f i n i t e  e f f e c t  o f  a d v a n c i n g  
s t a t e  o f  t h e  a r t .  The curves shown are for   advanced   h igh-pressure   engines  
t h a t  were assumed f o r  t h e  manned s p a c e   e x p l o r a t i o n   s t u d i e s .   C o s t - w e i g h t  
e q u a t i o n s  f o r  t h e  t r e n d  l i n e s  are i n d i c a t e d .  
E n g i n e   f i r s t - u n i t   r e c u r r i n g   c o s t s  are shown i n   F i g u r e  4.3-2. I t  was 
found tha t  engine-p lus-accessory  dry  weight  gave  a b e t t e r  c o s t  c o r r e l a t i o n  
than   eng ine   t h rus t ,   wh ich  is  o f t en   u sed .  
Performance  Ground  Rules 
hhLLmpfiOvlcs wetre made on ve loc i t y  Lohnen, m a d  @actionA, and bpecidiic 
impLLene i n  orrdeh t o  dehine f i e  6amiLy 0 6  Launch vek iden  .that w o u l d  be 
coax compmed. 
F i r s t - s t a g e  t h r u s t / w e i g h t  
c i f i c  i m p u l s e ,  (Isp), was 
355 s e c o n d s  f o r  LOX/RP-1, 
was assumed t o   b e   1 . 2 5 ,   s e c o n d   s t a g e  1.00. Spe- 
t aken  as 446 s e c o n d s  f o r  LOX/LH2 ( f i r s t  s t a g e ) ,  
and 454 s e c o n d s   f o r  LOX/LH ( s e c o n d   s t a g e ) .  2 
Thrust- to-engine  weight  w a s  85 f o r  LOX/LH2 and   100   for  L O X / R P - l .  The 
r a t i o  o f  s t a g e  p r o p e l l a n t  w e i g h t  t o  t o t a l  s t a g e  w e i g h t  ( A ' )  was t aken  as 
0 . 9 2  f o r  LOX/LH2 and 0.93 f o r  LOX/RP-l. 
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Figure 4.3-1 : ROCKET ENGINE DEVELOPMENT COSTS 
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Figure 4.3-2: ROCKET ENGINE RECURRING COSTS 
Assumed v e l o c i t y  l o s s e s  for  t h e  LOX/RP-1 s t a g e s  as a f u n c t i o n  o f  s t a g i n g  
v e l o c i t y  are shown i n  F i g u r e  4 . 3 - 3 .  
Launch Vehicle  Recurr ing Costs  
F igu re  4 . 3 - 4  shows t o t a l  l a u n c h  v e h i c l e  f i r s t - u n i t  c o s t  i n  m i l l i o n s  of 
d o l l a r s  v e r s u s  f i r s t - s t a g e  b u r n o u t  v e l o c i t y ,  f o r  a payload weight  of  
1,000,000  pounds.. A number  of  "system  type"  conclusions  can  be  drawn  from 
t h i s  f i g u r e  ( a n d  similar f i g u r e s  f o r  t h e  o t h e r  p a y l o a d  w e i g h t s ) .  
1) LOX/RP-1 f i r s t   s t a g e s  are m o r e   c o s t   e f f e c t i v e   t h a n  LOX/LH2 f i rs t  
s t a g e s  f o r  a wide  range  of  payloads ,  accord ing  to  cur ren t  hardware  
c o s t   d a t a .  
2) S t a g i n g   v e l o c i t i e s   c h o s e n  by c o s t   c o n s i d e r a t i o n s  are h i g h e r   t h a n   t h o s e  
chosen by pe r fo rmance  op t imiza t ion ,  fo r  a w i d e  r a n g e  o f  c o s t  assump- 
t i o n s .  
3) A million-pound-payload  launch  vehicle  with a LOX/RP-l f i r s t  s t a g e  
c o s t s  22% more when s t a g i n g  v e l o c i t y  i s  performance-opt imized rather  
than  cos t -opt imized .  
4 )  Large  conomic  benefi ts   can  accrue  f rom  economic  select ion,   s iz ing,  
and  conf igu ra t ion  o f  t he  nex t  gene ra t ion  o f  l aunch  veh ic l e s .  
One can  ques t ion  why t h e  c o s t  of h y d r o g e n  s t a g e  i n e r t s  r e a l l y  h a s  t o  b e  
as h igh  as ind ica t ed .   Th i s   appea r s   t o   be   an   appropr i a t e   ques t ion   t oward  
wh ich  r e sea rch  cou ld  be  d i r ec t ed .  
F igu re  4.3-5 is a s c h e m a t i c  o f  t h e  r e s u l t s  o f  t h i s  s t u d y .  
Research   Impl ica t ions  
Given t h e  economic trequitrement dok a new launch v e k i d e ,  e m p h a h  b h o d d  
be placed on t h e  ube 0 6  LOXIRP-I and kighea ataging veLociRien, and  &e- 
b e a c h  ahbociated wLth hydtrogen, do& tkin appficat ion,  bhodd be minimized. 
Launch  veh ic l e s  u s ing  LOX/RP-l t o  a g r e a t e r  d e g r e e  w i l l  b e  h e a v i e r  t h a n  
s y s t e m s  t h a t  make  more use  of L H 2 ,  b u t  t h e  b u l k  d e n s i t y  d i f f e r e n c e  may 
make the vehlclea smaller. The first stage of euch a launch v e h i c l e  would 
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b e  v e r y  l a r g e ,  a n d  t h e  p r o b l e m s  of f a b r i c a t i o n  a n d  h a n d l i n g  p r o b a b l y  
more severe t h a n  on the   S- I1   and  S-IC s t a g e s .  D e t a i l e d  s t r u c t u r a l  re- 
s e a r c h  i m p l i c a t i o n s  s h o u l d  be s t u d i e d  f u r t h e r .  
4 . 4  EARTH LAUNCH VEHICLE COMPARISON  FOR MANNED MARS MISSION 
Descript ion of  Planetary Hardware and Related Launch Vehicles  
P r e v i o u s  s t u d i e s  of  manned Mars miss ions  show t h a t  t h e  m i s s i o n  h a r d w a r e  
weight  requi rements  onward  f rom Ear th  orb i t  w i l l  be  on the order  of  
3,OOO,OOO-plus pounds.   The  e lements   that  make up t h i s   w e i g h t ,   a n d   t h e i r  
f u n c t i o n s ,  are shown i n   F i g u r e  4.4-1. If the  two-stage  Saturn V w i t h  a 
p a y l o a d  c a p a b i l i t y  n e a r  250,000 pounds w e r e  used,  1 2  launches would be 
required (assuming maximum u s e  of c a p a b i l i t y ) ,  a n d  o r b i t a l  a s s e m b l y ,  
w i t h  a 6-per-year  launch rate,  would   requi re  2 yea r s .   These   r equ i r e -  
ments  could  be  cu t  in  ha l f  wi th  an  Upra ted  Sa turn  vehic le ,  and  cu t  s t i l l  
f u r t h e r  w i t h  a l a u n c h  v e h i c l e  of t h e  Nova class (1,000,000-pound payload 
o r  g r e a t e r ) .  
The mission configurat ion,  combined with the number of l o g i s t i c s  v e h i c l e s  
needed  to  suppor t  a s sembly -  and  f l i gh t - c rew t r ans fe r s ,  shows t h e  p o s s i -  
b i l i t y  of s i x  o r  more i n t e r f a c e s   f o r   d i v i d i n g   p a y l o a d   e l e m e n t s .   T h u s ,  
t h e r e  are many a l t e r n a t e  ways of l aunch ing   t h i s   ha rdware .  Of t h e s e ,   o n e  
must  produce the least program cost  when hardware  and  opera t iona l  con-  
s i d e r a t i o n s  are f u l l y  e x p l o r e d .  
D e s c r i p t i o n  of Test Program 
FoUowing xhe w e n t  f iend 06 manned space pkogt rm,  a numbe4 ad demon- 
a A W o n   l a u n c h a  LA h e q d e d  doh mihsion harrdahe, incheahing Ahe numben. 
06 launch v e h L d a ,  and making Ah& economic beLeotion vLt& i n  p t l o g m m  
planning. 
Cur ren t  t r ends  i n  t e s t i n g  r e q u i r e  t h e  d e m o n s t r a t i o n  of miss ion  hardware  
with  four or more f l i ght s  to  man-rate i t .  Testing requirements must be 
made even more severe for p l a n e t a r y  misslons where long d u r a t i o n  and lack 
w i 
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Figure 4.4-1: MISSION DESCRIPTION - MARS LANDER 
of a b o r t a b i l i t y  m u l t i p l y  t h e  r i s k  o f  f a i l u r e .  In consequence,   the  test  
schedu le  shown i n  F i g u r e  4.4-2 is r e p r e s e n t a t i v e  o f  t e s t i n g  r e q u i r e m e n t s  
f o r  t h e  Mars mission. The advanced nature  of nuc lea r  p ropu l s ion  and  
p l a n e t a r y  a e r o b r a k i n g  is r e f l e c t e d  i n  m o r e  e x t e n s i v e  t e s t i n g ,  i l l u s t r a t e d  
by   t he   c ros sha tched  tests. T o  m i t i g a t e  t h e  e x p e n s e  o f  t e s t i n g ,  t h e s e  
payloads  may b e  u s e d  t o  p e r f o r m  lesser miss ions ,  bu t  l aunch  r equ i r emen t s  
w i l l  b e  e s s e n t i a l l y  t h e  same i n  any case. 
T e s t i n g  p l u s  o p e r a t i o n a l  f l i g h t s  l e a d  t o  l a u n c h  v e h i c l e s  c o n t r i b u t i n g  
between 40 and 50% of t h e   c o s t   o f   l a n d i n g  men on Mars. Thus,   the  economic 
cho ice  o f  l aunch  veh ic l e s  i s  a powerfu l  approach  to  program cos t  sav ings .  
A c o r o l l a r y  i s  e v i d e n t  i n  t h e  n e e d  f o r  c o s t  e f f e c t i v e  test  p l a n n i n g  i n  
whi-ch cos t  and  mis s ion  r i sk  are ba lanced .  
Choice of  Launch Veh ic l e s  
Hardware elements  for  manned Mars miss ions  r ange  in  we igh t  f rom the  Ea r th  
r e t u r n  v e h i c l e  (ERV) a t  20,000 t o  30,000 pounds t o  t h e  E a r t h  d e p a r t  s t a g e  
(EDS) t h a t  may v a r y  i n  w e i g h t  up t o  2,000,000 pounds  (depending  on  propul- 
s ion   concep t )   and  may o r  may not   be   modular ized .   Consequent ly ,   l aunch  
veh ic l e s  can  be  chosen  f rom ex i s t ing  boos te r s ,  up ra t ings  o f  t hese  boos te r s ,  
o r  new boos te r   con f igu ra t ions .   Ma jo r   cand ida te s  are shown i n  F i g u r e  4 . 4 - 3 .  
S i m p l i f y i n g  t h e  A l t e r n a t i v e s  
Many poss ib le  combina t ions  of  launch  vehic le  and  payload  can  be  made from 
t h e   e l e m e n t s   a v a i l a b l e .  Not a l l  w i l l  be   cos t   e f f ec t ive ,   however ,   and   p re -  
l i m i n a r y   e l i m i n a t i o n s  can b e  made. For  example,  i t  w i l l  n o t   b e   c o s t   e f -  
fect ive t o  develop  two Uprated S a t u r n  vehicles t o  match two d i f f e r e n t  
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TESTS PERFORMED 
First EDS First MCS First ERV Test (Also 
Test Test First MDS Test) 
Second ERV Test (Also 
Second MDS Test) 
t 
First Unmanned Total Vehicle 
Second Unmanned Total Vehicle 
Manned ERV + SMM Test 
First Manned Total Vehicle 
Second Manned Total Vehicle 
~ ~~ ~ 
Figure 4.4-2: PROGRAM TEST REQUIREMENTS 
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Figure 4.4-3: UPRATED SATURN AND "NEW START" 
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pay load  levels i f  t h e  d e v e l o p m e n t  c o s t  o f  t h e  smaller, w h e n   p r o r a t e d  
a g a i n s t  the n u m b e r  o f  p r o g r a m  f l i g h t s  r e q u i r e d ,  e x c e e d s  t h e  d i f f e r e n c e  
i n   r e c u r r i n g   c o s t s   o f   t h e   t w o   v e h i c l e s .   S i m i l a r l y ,   t h e   h i g h   d e v e l o p -  
ment c o s t  o f  a n e w - s t a r t  l a u n c h  v e h i c l e  w i l l  p r e c l u d e  t h e  c o m p a n i o n  u s e  
o f  a l a r g e  U p r a t e d  S a t u r n .  
T h e   e x t e n s i o n   o f   s u c h   a r g u m e n t s ,   p r e s e n t e d   f u l l y   i n   t h e   b a c k u p   d o c u m e n t ,  
r e d u c e s  t h e  n u m b e r  o f  c h o i c e s  t o  f i v e  m a j o r  a l t e r n a t i v e s :  
1) Choice  of  a l a u n c h   v e h i c l e  se t  s e l e c t e d   f r o m   t h e   U p r a t e d   S a t u r n  
f a m i l y  ; 
2)  A new v e h i c l e   t h a t   l a u n c h e s   t h e   t o t a l   m i s s i o n   a r r a y   i n   t h r e e   s h o t s ;  
3) A new v e h i c l e   t h a t   l a u n c h e s   t h e   t o t a l   m i s s i o n   a r r a y   i n   t w o   s h o t s ;  
4 )  A new v e h i c l e   s i z e d   t o   l a u n c h   t h e  EDS; 
5) A new v e h i c l e   t h a t   l a u n c h e s   t h e   t o t a l   m i s s i o n   a r r a y   i n   o n e   s h o t .  
R e s u l t s  of S e l e c t i o n  
M i s s i o n  p r o p u l s i o n  e l e m e n t s  t h a t  are s u b d i v i d e d  i n t o  smaller modules p r e -  
s e n t   t h e   g r e a t e s t   o p p o r t u n i t y   f o r   l a u n c h   v e h i c l e   t r a d e s .   E c o n o m i c  com- 
p a r i s o n s  o f  l a u n c h  v e h i c l e s ,  made  on such  a c o n f i g u r a t i o n  f o r  n u c l e a r  
p r o p u l s i o n ,  are  shown i n   F i g u r e  4.4-4.  L a u n c h   v e h i c l e   c o s t s   f o r   t h e   f i v e  
m a j o r  o p t i o n s  are shown f o r  v a r i o u s  l e v e l s  o f  Mars e x c u r s i o n   m o d u l e  (MEM) 
w e i g h t .  No s i n g l e   o p t i o n   d o m i n a t e s   t h e   c h o i c e s ,   a n d  new l a u n c h   v e h i c l e s  
c a n   b e   j u s t i f i e d   e c o n o m i c a l l y  a t  a lmos t  a l l  MEM w e i g h t   l e v e l s .   T h e s e  
h a v e ,  f o r  m i s s i o n  v e h i c l e s  t h a t  v a r y  i n  w e i g h t  f r o m  2 .45  t o  3 . 6 1  m i l l i o n  
p o u n d s ,  p a y l o a d  c a p a b i l i t i e s  r a n g i n g  f r o m  1 . 0 7  t o  2 . 0 7  m i l l i o n  p o u n d s .  
A m a c h i n e  p r o g r a m  d e v e l o p e d  t o  p e r f o r m  t h i s  l a u n c h  v e h i c l e  s e l e c t i o n  f o r  
a n y  c o m b i n a t i o n  o f  m i s s i o n  h a r d w a r e  w e i g h t s  i s  d e s c r i b e d  f u r t h e r  i n  t h e  
backup  document.  
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Launch Vehicle Boost Option 
Symbol Description No. 
- 0  Use of Uprated Saturn Boosters 1 
0 
Booster Sized to  Launch the  Total  Mission Vehicle 5 0 
Booster Sized to Launch the EDS Stage 4 A 
Optimum Approach to Launching Mission Vehicle  in 2 Shots 3 0 
Optimum Approach to Launching Mission Vehicle i n  3 Shots 2 
- - 
Note: 
1 .  Options 2 Through 5 Utilize "New Start" Boosters 
Minimum Launch Cost 
0 c 
20 40 60 80 100 120 140 160 180 200 
MARS EXCURSION MODULE (MEM) WEIGHT (1000 Ib) 
Figure 4.4-4: RESULTS OF LAUNCH VEHICLE SELECTION 
Resea rch  Impl i ca t ions  
The   launch   vehic le   cos t   p rogram  cons iders  a l l  of   the   major   e lements   as -  
s o c i a t e d  w i t h  l a u n c h i n g  arrays of  space  hardware  over  long  per iods  of  time. 
The c o s t  r e s u l t s  ( F i g u r e  4.4-4 is t y p i c a l )  are t h u s   v a l i d   f o r   c o m p a r i s o n s  
of Uprated Saturn and Nova-class  launch vehicles .  
Fu r the r  s tudy  o f  Nova-c l a s s  veh ic l e s  is r e q u i r e d  t o  v e r i f y  t h e  p e r f o m -  
ance a n d   c o s t   g r o u n d   r u l e s   u s e d   i n   o b t a i n i n g   t h e s e   r e s u l t s .  It may be 
t h a t ,  by s t r e s s i n g  economy i n  d e s i g n ,  e v e n  l o w e r  c o s t s  f o r  new v e h i c l e s  
can  be  ob ta ined .  
Fur ther  s tudy  and  development  of Upra ted  Sa turn  i s  a l s o  i n d i c a t e d  t o  
determine:  (1) t h e  optimum  approach t o   u p r a t i n g   ( i n c r e a s e d   f i r s t - s t a g e  
s i z e  a n d  b u r n o u t  v e l o c i t y  i s  i n d i c a t e d  i n  S e c t i o n  4 . 3 ) ,  and ( 2 )  i f  poten- 
t i a l  c o s t  s a v i n g s  c a n  b e  r e a l i z e d  w i t h  t h e s e  b o o s t e r s .  
4 .5  COST SENSITIVITIES FOR A MANNED MARS MISSION 
Ident i fying High-Leverage Research Items i n  an  Advanced  Space  Mission 
Some p rogram bene f i t s  w i l l  accrue  f rom any technologica l  advance  tha t  can  
b e  made f o r  f u t u r e  s p a c e  h a r d w a r e .  Not a l l  such  advances w i l l  b e  e q u a l l y  
va luab le ,  however ,  and  wi th  l imi t ed  r e sources ,  no t  a l l  t e c h n o l o g i c a l  areas 
can  be  pursued.  Some means are r e q u i r e d   t o   i d e n t i f y   t e c h n o l o g i c a l  areas 
t h a t  w i l l  produce maximum g a i n s .  
The space program is  n o  l o n g e r  l i m i t e d  b y  t e c h n i c a l  f e a s i b i l i t y ;  i t  is  
now l i m i t e d  by   cos t .  The scope   o f   fu tu re   space   mi s s ions ,   and   p robab ly  
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t h e i r  v e r y  o c c u r r e n c e ,  d e p e n d s  o n  t h e  a b i l i t y  t o  do  them  cheaply.  There- 
f o r e ,  t h e  c r i t e r i o n  f o r  d e f i n i n g  r e s e a r c h  g a i n s  must   be  cost .  
T h i s  r e a s o n i n g  i m p l i e s  t h e  n e c e s s i t y  f o r  a s t u d y  t o  e v a l u a t e  t h e  s e n s i -  
t i v i t y  o f  t o t a l  s p a c e  p r o g r a m  c o s t  t o  v a r i o u s  p o t e n t i a l  h a r d w a r e  i m p r o v e -  
men t s   t ha t  may arise th rough   t echn ica l   r e sea rch .   F igu re   4 .5 -1   dep ic t s  
the l e v e r a g e  a v a i l a b l e  i n  r e s e a r c h  p e r f o r m e d  now t o  e f f e c t  p r o g r a m  c o s t  
s a v i n g s  a t  a f u t u r e  d a t e .  
" Descr ix t ion   of   Miss ion  
Landing a man on Mars would  be a m a j o r  g o a l  i n  s p a c e .  Such a mission 
r e q u i r e s  t h e  a b i l i t y  t o  p l a c e  p a y l o a d s  o f  more t h a n  600,000 pounds i n  
Mars o r b i t  a n d  t o  r e t u r n  n e a r l y  100,000 pounds t o  E a r t h  f r o m  Mars. I t  
a l s o  i m p o s e s  l i f e  r e q u i r e m e n t s  i n  e x c e s s  o f  1 year   on   the   hardware .  A s  
such,  i t  w i l l  p l a c e  t h e  g r e a t e s t  b u r d e n  on l a u n c h  v e h i c l e  c a p a b i l i t y  a n d  
technology  of   any  current ly   considered  program. 
Because  the  Mars l ande r  mis s ion  r equ i r emen t s  w i l l  d i c t a t e  many  new hard-  
ware d e v e l o p m e n t s ,  t h e  o p p o r t u n i t y  e x i s t s  t o  a p p l y  c o s t  d e c i s i o n s  d u r i n g  
t h e  ear l ies t  phases  of  the  program.  Figure  4.5-2,  a development   schedule  
f o r  t h e  m i s s i o n ,  shows t h e  n e c e s s i t y  f o r  t i m e l y  a p p l i c a t i o n  of cost .   The 
l o n g  l e a d  times as soc ia t ed  wi th  deve lop ing  Mars mis s ion  ha rdware  r equ i r e  
i m m e d i a t e  c o n s i d e r a t i o n  o f  c o s t  i n  p l a n n i n g  t h i s  m i s s i o n .  
Alternate Concepts 
There are many t e c h n i c a l  aspect0 t o  the Maro lander mieeian. Application 
of t h e  t e c h n i q u e  d i s c u s s e d  i n  S e c t i o n  2.3 resulted in I d e n t i f i c a t i o n  of 
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Figure 4.5-1: HIGH LEVERAGE ITEMS 
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Figure 4.5-2: MARS LANDER PROGRAM SCHEDULE 
s i x  p r i n c i p a l   a l t e r n a t i v e s   f o r   p e r f o r m i n g   t h i s   m i s s i o n .   T h e s e  are char-  
a c t e r i z e d  by: (1) t h e   c h o i c e   o f  LOX/LH o r   n u c l e a r   p r o p u l s i o n   t o   p e r f o r m  
m a j o r  v e l o c i t y  c h a n g e s  i n  s p a c e ;  ( 2 )  t h e  u s e  o f  p r o p u l s i o n  o r  a e r o d y n a m i c  
b r a k i n g  t o  c a p t u r e  t h e  p l a n e t ;  a n d  ( 3 )  t h e  d e s i g n  o f  a s i n g l e  p r o p u l s i o n  
modu le  , (wh ich  can  be  c lus t e red )  o r  s epa ra t e ,  op t imized  p ropu l s ion  s t ages  
t o  p e r f o r m  E a r t h - o r b i t  d e p a r t u r e ,  p l a n e t a r y  c a p t u r e  ( i f  p r o p u l s i v e ) ,  a n d  
p l a n e t a r y   o r b i t   d e p a r t u r e .  Economic s c r e e n i n g   i d e n t i f i e d   t h e  most  prom- 
i s i n g   c o m b i n a t i o n s  of t h e s e   c h o i c e s .  
2 
Figure  4 .5 -3  i d e n t i f i e s  t h e s e  c o n c e p t s  and  shows t h e i r  a s s o c i a t e d  v a l u e s  
of i n i t i a l  mass i n   E a r t h   o r b i t  (IMIEO). D e t a i l e d   c o s t i n g   e x e r c i s e s   f o r  
each  o f  t hese  concep t s ,  u s ing  a se t  of b a s e l i n e  m i s s i o n  g r o u n d  r u l e s ,  
shows the  fo l lowing  program cos t  compar ison:  
IMIEO 
Concep t   (mi l l i on   l b )  
1 2 . 7 6  
3 . 6 9  
2 .19  
2 . 9 3  
5 .31 
6 6 . 4 0  
Program Cost 
( $  b i l l i o n )  
3 0 . 7 1  
2 7 . 8 7  
2 6 . 5 8  
2 6 . 1 7  
33.18 
2 9 . 8 7  
Of these ,  Concept  2 ( t h e  m o d u l a r i z e d - s t a g e  a l l - n u c l e a r  d e s i g n )  , and Con- 
cep t  4 ( t h e  LOX/LH2 d e s i g n  w i t h  a e r o b r a k i n g )  show  most  promise i n  t h e i r  
s e p a r a t e  areas. All d a t a  t o  f o l l o w  w i l l  be   based  on  Concept  2 because 
i t  r e p r e s e n t s  a recommended c o n c e p t  ( R e f e r e n c e  l l ) ,  e x c e p t  f o r  s e n s i t i v i t y  
s t u d i e s  s p e c i f i c a l l y  a s s o c i a t e d  w i t h  a e r o b r a k i n g ,  w h e r e  C o n c e p t  4 i s  used. 
S e n s i t i v i t y  d a t a  f o r  t h e  o t h e r  c o n c e p t s  is t abu la t ed  in  the  backup  docu-  
ment, D2-114116-2. 
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Figure 4.5-3: MANNED MARS LANDER CONCEPTS 
Weight Comparison 
, .. . 
Program Cost ing Phi losophy 
The d i f f i c u l t y  o f  c o s t i n g  a space program becomes increasingly severe as  
s m a l l e r   p r o g r a m   c o s t   e l e m e n t s   a r e   u s e d .   T h u s ,   n o   f i n e r   s u b d i v i s i o n  of 
cost   should  be  employed  than is  n e c e s s a r y  t o  show t h e  i m p o r t a n t  c o s t  re- 
l a t i o n s h i p s .  
F i g u r e  4.5-4 shows t h e  p r o g r a m  c o s t  e l e m e n t  m a t r i x  u s e d  d u r i n g  t h i s  s t u d y .  
Hardware  e lements  are s u b d i v i d e d   t o   t h e  module l e v e l .  Each item rep re -  
s e n t s  a s t a g e d  component  of t h e   m i s s i o n   a r r a y .   T h e i r   c o s t s  were a c t u a l l y  
f u r t h e r  s u b d i v i d e d  b e c a u s e  c o s t  t r e n d s  f o r  t h e s e  e l e m e n t s  were drawn  from 
ear l ie r ,  more d e t a i l e d  s t u d i e s ,  s u c h  as t h o s e  d e s c r i b e d  i n  S e c t i o n s  4.2 
and 4.3 .  
The h o r i z o n t a l  e l e m e n t s  were i n d i v i d u a l l y  e s t i m a t e d  a n d  r e p r e s e n t  t h e  
minimum necessa ry   subd iv i s ion .   No te   t ha t   wha t  i s  more commonly c a l l e d  
R&D, t h e  n o n r e c u r r i n g  c o s t ,  a c t u a l l y  c o n s i s t s  o f  s e v e n  items of  major 
importance.  
Study Approach 
F i g u r e  4.5-5 shows t h e  s t u d y  a p p r o a c h  u s e d  t o  d e t e r m i n e  s e n s i t i v i t i e s .  
Base l ine  cos t ing  exe rc i se s ,  conduc ted  manua l ly ,  were u s e d  t o  i d e n t i f y  
cos t ing  me thods  r equ i r ed ,  t o  deve lop  a machine program for  weight  pre-  
d i c t i o n s ,  a n d  t o  show t h e  n e c e s s a r y  s t e p s  i n  programming cos t  p red ic t ions .  
The s t u d y  p r o c e d u r e  c o n s i s t s  o f  i d e n t i f y i n g  t h e  s e n s i t i v i t y  area t o  be 
c o n s i d e r e d ,  r e v i s i n g  t h e  b a s e l i n e  d a t a  t o  r e f l e c t  t h e  d e s i r e d  p a r a m e t r i c  
v a r i a t i o n ,  r e c o m p u t i n g  m i s s i o n  e l e m e n t  w e i g h t s  t h a t  r e s u l t  f r o m  t h e s e  
v a r i a t i o n s ,  a p p l y i n g  t h e s e  w e i g h t s  t o  t h e  m i s s i o n  h a r d w a r e  c o s t  p r e d i c t i o n  
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program t o  estimate t h e i r  c o n t r i b u t i o n ,  a p p l y i n g  t h e  same w e i g h t s  t o  t h e  
l a u n c h  v e h i c l e  o p t i m i z a t i o n  r o u t i n e  ( d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ) ,  
u s i n g  t h e  s e l e c t e d  l a u n c h  v e h i c l e s  i n  t h e  l a u n c h  v e h i c l e  c o s t i n g  p r o g r a m  
t o  p r e d i c t  t h e i r  c o s t s ,  a n d  f i n d i n g  t o t a l  p r o g r a m  c o s t s  t h a t  r e s u l t  f r o m  
t h e  s e n s i t i v i t y  area cons ide red .  
An alternate p a t h  i s  u s e d  i n  o n e  s p e c i f i c  s t u d y  w h e r e  t h e  s e n s i t i v i t y  
cons ide red  is t h a t  of t o t a l  c o s t  t o  c e r t a i n  m i s s i o n  h a r d w a r e  c o s t s ,  s o  
t h a t  t h e s e  s e n s i t i v i t i e s  are a p p l i e d  d i r e c t l y  t o  t h e  c o s t  p r o g r a m .  
S e n s i t i v i t y  Areas Assessed 
C o s t  s e n s i t i v i t i e s  were aimed at  d e t e c t i n g  t h e  p r o g r a m  c o s t  i m p l i c a t i o n s  
o f   s t r u c t u r a l   d e s i g n  areas. T h e s e  s e n s i t i v i t i e s  were approached  f rom  the 
s t a n d p o i n t  o f  w e i g h t  v a r i a t i o n s ,  b u t  t h e  w e i g h t  v a r i a t i o n s  c o n s i d e r e d  may, 
by i n t e r p r e t a t i o n ,  b e  r e l a t e d  t o  r e l i a b i l i t y  o r  o t h e r  a s p e c t s  o f  d e s i g n .  
A l l  mission hardware elements  were s t u d i e d ,  b u t  most a t t e n t i o n  w a s  g iven  
t o  p r i m a r y  p r o p u l s i o n  e l e m e n t s  a n d  t o  t h e  h a r d w a r e  r e t u r n e d  t o  E a r t h :  t h e  
ERV and SMM. 
\ 
The ERV and SMM were c o n s i d e r e d  t o g e t h e r  b e c a u s e  t h e y  e f f e c t i v e l y  f o r m  a 
s i n g l e  e l e m e n t  f o r  t h e  d u r a t i o n  o f  t h e  m i s s i o n  up t o  a few h o u r s  b e f o r e  
Ea r th   en t ry .   A l though  i t  was i n t e n d e d  t o  s t u d y  s t r u c t u r a l  w e i g h t  v a r i a -  
t i o n s ,  t h e  s e n s i t i v i t y  r e s u l t s  f o r  t h e s e  e l e m e n t s  are v a l i d  f o r  any o t h e r  
a s p e c t  o f  t h e i r  w e i g h t s ,  a n d  t h u s  a p p l y  t o  o t h e r  s u b s y s t e m s  a n d  t o  f l u i d s ,  
expe r imen t s ,  and non je t t i soned  expendab les .  
P r o p u l s i o n  m o d u l e s  h a v e  t h r e e  m a j o r  s t r u c t u r a l  w e i g h t  items apa r t  f rom 
p r o p u l s i o n   s y s t e m s :   p r i m a r y   s t r u c t u r e ,   m e t e o r o i d   s h i e l d i n g ,   a n d   c r y o -  
g e n i c   i n s u l a t i o n .  A l l  t h r e e  were examined. 
Tota l  w e i g h t  v a r i a t i o n s  of  t h e  MEM were a t u d i e d .  Ae i n  the case of the 
ERV-SMM package, these variations may b e  ascribed t o  any of the MEM weight 
elemente. 
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The one  s tudy  tha t  d id  not  use  Miss ion  Concept  2 was an examinat ion  of 
t h e  s e n s i t i v i t y  o f  t h e  t h e r m a l  p r o t e c t i o n  s y s t e m  w e i g h t  r e q u i r e d  f o r  
p lane tary   aerobraking .   Concept  4 w a s  used. A s p e c i a l   t r a d e  was con- 
d u c t e d  t o  show t h e  relative wor th  o f  cos t  and  we igh t  r educ t ions  in  the  
p r o p u l s i o n  s t a g e s .  
S e n s i t i v i t y  R e s u l t s  
S e n s i t i v i t y  r e s u l t s  are p r e s e n t e d  i n  p l o t s  of t o t a l  p r o g r a m  c o s t  o r  c o s t  
change  aga ins t  absolu te  weight ,  weight  change ,  or  percentage  weight  change  
from a b a s e l i n e ,  as a p p r o p r i a t e .  
F igu re  4.5-6  shows s e n s i t i v i t i e s  of $ 1 6 0 , 0 0 O / l b  f o r  v a r i a t i o n s  i n  t h e  
w e i g h t   r e t u r n e d   t o   E a r t h .   T h i s  number   can   be   in te rpre ted  as t h e   m a r g i n a l  
t r a n s p o r t a t i o n  c o s t  f o r  t h e  Mars m i s s i o n  i f  o n e  o p e r a t i o n a l  f l i g h t  i s  
made. 
F igu re  4.5-7 shows t o t a l  p r o g r a m  c o s t  v a r i a t i o n s  f o r  c h a n g e s  i n  MEM we igh t .  
T h r e e  p o s s i b l e  d e s i g n s  are shown, a l l  o f  w h i c h  u s e  i n i t i a l  b a l l i s t i c  de- 
s c e n t ,  w i t h  d i f f e r e n t  c o n c e p t s  f o r  f i n a l  v e l o c i t y  r e d u c t i o n  and  landing.  
The b a s e l i n e ,  w i t h  s t o r a b l e  p r o p e l l a n t ,  h a s  a program  cost  of $27 .87  
b i l l i o n .  Use of   mild  cryogenics  (FLOX/CH4) i n  t h e  MEM r e d u c e s   t h i s  by 
$1.1 b i l l i o n ,  a n d  an a l l - ae rodynamic  descen t  s t age  us ing  pa rachu tes  p ro -  
duces a t o t a l  c o s t  r e d u c t i o n  o f  $1 .55  b i l l i on .  
F igu re  4.5-8 p r e s e n t s  s e n s i t i v i t i e s  of t h e  v a r i o u s  s t r u c t u r a l  a s p e c t s  of 
propuls ion  mqdules .   Note   the  importance of m e t e o r o i d   s h i e l d i n g ,  a t  5 l b /  
f t   f o r   t h e   b a s e l i n e ,   i n   c o s t   r e d u c t i o n s .  It appea r s   t ha t   we igh t   r educ -  
t i o n s  i n  t a n k  s t r u c t u r e ,  a t  2 l b / f t 2  f o r  t h e  b a s e l i n e ,  w i l l  a l s o  b e  
e f f e c t i v e   i f   t h e y   c a n   b e  made f o r  somewhat lower  costs .   Cryogenic   insu-  
l a t i o n  d o e s  n o t  r e p r e s e n t  a s u f f i c i e n t l y  i m p o r t a n t  w e i g h t  item t o  merit 
a t t e n t i o n   t o   w e i g h t   r e d u c t i o n s .  However, i ts t e c h n i c a l   f e a s i b i l i t y  must 
b e  a s s u r e d .  
2 
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Figure 4.5-7: PROGRAM COST SENSITIVITY TO MARS EXCURSION MODULE WEIGHT 
2. 
4-48 
I I I 1 I 
-1 00 -50 0 50 100 
CHANGE IN WEIGHT (%) 
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Figure  4.5-9 shows t h e  v a l u e  o f  r e d u c i n g  p l a n e t a r y  a e r o b r a k i n g  a b l a t i o n  
material weight .  At 2 t o  3 lb/ft on  the  average,   improved material 2 
t echno logy  cou ld  eas i ly  p roduce  a 25% weight  reduct ion;  50% reduc t ions  
are p o s s i b l e  w i t h  f u r t h e r  r e s e a r c h .  
F igu re  4.5-10 p r e s e n t s  t h e  c o s t  s i g n i f i c a n c e  of e r r o r s  i n  p r e d i c t i n g  t h e  
m e t e o r o i d   f l u x   f o r  Mars missions.  Exposed areas and  exposure times are 
s u c h   t h a t   l a r g e   c o s t   s e n s i t i v i t i e s  are involved .  A change i n  w a l l  con- 
f i g u r a t i o n ,  e l i m i n a t i n g  some weight  items, c a u s e s  t h e  c u r v e  t o  b r e a k .  
F i g u r e  4.5-11 i l l u s t r a t e s  t h e  " m u l t i p l i e r  e f f e c t "  of i ne r t  we igh t  r educ -  
t i o n s   i n   p r o p u l s i o n   e l e m e n t s .  The relat ive  program  cost   improvement  re- 
s u l t i n g  f o r  50% c o s t  r e d u c t i o n s  i n  p r o p u l s i o n  e l e m e n t s  w i t h  n o  w e i g h t  
change, a t  $0 .7  b i l l i o n ,  is  small compared t o  t h e  r e s u l t i n g  $5.1 b i l l i o n  
when s t a g e  i n e r t  w e i g h t s  are reduced 50% wi th  no  cos t  change .  
Resea rch   Impl i ca t ions  
The  demonst ra ted  $160,00O/ lb  weight  sens i t iv i ty  of t h e  ERV-SMM i n d i c a t e s  
that   weight   reduct ions  can  and  must   be made f o r   t h e s e   v e h i c l e s .  Very 
h i g h  l e v e l s  o f  s t r u c t u r a l  s o p h i s t i c a t i o n  c a n  b e  j u s t i f i e d  w i t h  t h i s  mar- 
g i n a l   c o s t .  The i m p l i c a t i o n s  of t h i s  s e n s i t i v i t y  are probably  even more 
i m p o r t a n t  t o  o t h e r  s u b s y s t e m s  t h a n  t o  s t r u c t u r e  b e c a u s e  t h e y  are n o t  as 
wel l  developed.  
Well over  $1 b i l l i o n  is a v a i l a b l e  t o  j u s t i f y  MEM weight-improvement re- 
search .   Research   should   be   concent ra ted   on   us ing   h igh-dens i ty   h igh-  
ene rgy  p rope l l an t s  and  on a be t t e r  unde r s t and ing  o f  t he  Mar t i an  a tmos -  
phere so  t h a t  maximum use can  be made of aerodynamic   dece lera t ion .  Low- 
v e l o c i t y  d e c e l e r a t i o n  s y s t e m s ,  s u c h  as pa rachu tes ,  fo r  t he  Mar t i an  a tmos -  
phe re  shou ld  be  pu r sued  fu r the r .  
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Improvements i n  s p a c e  p r o p u l s i o n  s t a g e  mass f r a c t i o n s  are of paramount 
i m p o r t a n c e   i n  Mars l a n d e r  m i s s i o n s .  S t r u c t u r a l  r e s e a r c h  aimed a t  high-  
e f f i c i e n c y   m e t e o r o i d   s h i e l d i n g  is pa r t i cu la r ly   power fu l .   Improved  mate- 
rials o r  c o n f i g u r a t i o n s  a n d  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  m e t e o r o i d  e n v i -  
ronment are s p e c i f i c a l l y  r e q u i r e d .  R e d u c t i o n s  i n  t a n k  s t r u c t u r a l  w e i g h t ,  
accomplished  by  improved materials, a l though  no t  as impor t an t  as meteor- 
o i d   s h i e l d   i m p r o v e m e n t s ,   s h o u l d   r e c e i v e   a t t e n t i o n .   C u r r e n t   t e c h n o l o g y   i n  
c r y o g e n i c  i n s u l a t i o n s  a p p e a r s  a d e q u a t e  f o r  Mars m i s s i o n s ,  w i t h  t h e  reser- 
v a t i o n  t h a t  t h e  f e a s i b i l i t y  o f  t h e s e  a p p l i c a t i o n s  b e  d e m o n s t r a t e d .  
S i g n i f i c a n t   a d v a n t a g e   f o r   l o w - w e i g h t   a b l a t i o n   ( o r   r a d i a t i o n )   a e r o b r a k i n g  
t h e r m a l  p r o t e c t i o n  is d e m o n s t r a t e d ,  f i r s t  by t h e  $ 1 . 7  b i l l i o n  c o s t  re- 
duc t ion  shown f o r  Concept 4 over  Concept 2 and ,  second,  by t h e  f u r t h e r  
cos t   r educ t ions   ava i l ab le   t h rough   improved  materials. Ab la t ion  material 
technology i s  advancing,  and a b e t t e r  u n d e r s t a n d i n g  o f  t h e  b e h a v i o r  o f  
t h e s e  materials in  the  Mar t i an  a tmosphe re  w i l l  p e r m i t  m o r e  s p e c i f i c  recom- 
m e n d a t i o n s  f o r  t h e  u s e  o f  p l a n e t a r y  a e r o b r a k i n g .  
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